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CREWE ELECTRON-ENERGY-ANALYZING 
SCANNING MICROSCOPE 

by 

D. N. Eggenberger 

ABSTRACT 

The limitations of electron microscopes andnnicro-
probes in resolution, contrast mechanisms, and analyzing 
ability led to the design and construction of anew instrument 
that should extend the possibili t ies in these a r e a s . Resolu­
tion improvement is obtained by a simpler optical sys tem 
which focuses a "point" source to a "point" image on the 
specimen. A point source is approached by using cold tip 
emission rather than hot filament emission. Various types 
of contrast and some degree of specimen analysis are obtained 
by measuring the intensity of t ransmit ted electrons with s e ­
lected or character is t ic energy loss . This makes possible 
high-contrast pictures among light elements without staining, 
as well as providing a possible means of identifying elements 
present in the specimen. 

1. INTRODUCTION 

This repor t describes a new electron microscope which provides a 
means of crude chemical analysis of a specimen and has the potentiality of 
achieving higher resolution than is presently reached by conventional in­
s truments . 

The conception as well as many ideas of detail of the microscope 
were those of Dr. A. V. Crewe, then Laboratory Director of Argonne 
National Laboratory. 

Commercial t ransmiss ion electron microscopes have no means of 
analyzing the specimen for its elements . They produce shadows delineating 
shape and density profiles, but analysis must in general be obtained by 
other means . 

The microscope described here (Fig. l) permi ts some degree of 
elemental analysis by measuring energy losses of the t ransmit ted e lect rons . 
Since each element has its unique set of energy levels , some of the e lec­
trons that pass through the specimen will show losses of energy corresponding 
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to d i f f e rences in e n e r g y l eve l s of the s p e c i m e n a t o m s . In p a r t i c u l a r , the 
e n e r g i e s a s s o c i a t e d with the c o m p l e t e r e m o v a l of i n n e r - s h e l l e l e c t r o n s 
f r o m a t o m s a r e l a r g e and s p a c e d wel l a p a r t among d i f fe ren t k inds of a t o m s , 
and t h e r e f o r e qui te easy to s e p a r a t e . E n e r g y s e l e c t i o n is p e r f o r m e d by an 
e l e c t r o s t a t i c s p e c t r o m e t e r . 

Fig. 1. Crewe Electron-energy-analyzing Scanning Microscope. ANL Neg. No. 143-1475. 

To have a s t r u c t u r a l l y de ta i l ed a n a l y s i s of the s p e c i m e n , it a p p e a r s 
n e c e s s a r y to e x a m i n e the s p e c i m e n one point at a t i m e . F o r tha t r e a s o n , a 
scanning e l e c t r o n b e a m is u s e d , with the b e a m s w e e p s y n c h r o n i z e d to tha t 
of a s t o r a g e - t y p e o s c i l l o s c o p e d i sp lay t u b e . The i n t ens i t y of the d i s p l a y a t 
any point is a function of the b e a m in tens i ty m e a s u r e d t h r o u g h the s p e c t r o m ­
e te r at the e n e r g y s e l e c t e d . Thus a p i c t u r e showing the l o c a t i o n s of a 
p a r t i c u l a r e l e m e n t can be s e e n . 

E n e r g y a n a l y s i s can be m a d e by m e a s u r i n g output b e a m in t ens i t y a s 
a function of ene rgy l o s s , in a d i f fe ren t kind of d i s p l a y , H e r e the s p e c t r o m ­
e te r is swept th rough a r a n g e of e n e r g y l o s s e s in s y n c h r o n i s m wi th the 
sweep on an o r d i n a r y o s c i l l o s c o p e , with the output b e a m in t ens i ty a s the 
dependent function. Thus a c u r v e is d i s p l a y e d wi th p e a k s a t the c h a r a c t e r ­
i s t ic ene rgy l o s s e s . 

Higher s p a t i a l r e s o l u t i o n is po ten t i a l ly p o s s i b l e for s e v e r a l r e a s o n s , 
the use of a v e r y s m a l l s o u r c e and of a s i m p l e r p o i n t - t o - p o i n t focus ing 
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sys tem. Conventional electron microscopes coUimate the electron beam to 
cover the entire specimen and therefore use a heated filament to provide 
sufficient intensity to get a satisfactory intensity in the image. Electrons 
t ransmit ted through the specimen with little or no interaction are then 
focused into an image using three magnetic lenses--object ive, in termediate , 
and projector . The resolution depends pr imari ly on the quality of these 
three lenses . 

In the new microscope, resolution depends on the size of the p r imary 
beam on the specimen. This size in turn depends essentially on the size of 
the source and the quality of the lens focusing the beam onto the specimen. 
Only a single lens should be needed, with a reduction in the number of lenses 
contributing their aberrat ions to the image as compared with a conventional 
microscope. 

Magnification is virtually unlimited, since whatever a rea is being 
covered by the electron beam ras t e r on the specimen is displayed on the 
full r a s t e r face of the display tubes. The specimen area can be reduced to 
any size desired by attenuating the potentials sweeping the microscope 
beam. However, the useful magnification is limited by the spot size of beam 
on the specimen. 

Using a cold field emission source reduces the effective source di-
ameter to the order of 30 A. Heated filaments present an effective source 
size many t imes this figure, because of their greater physical bluntness and 
because of the effect of t r ansverse thermal velocities given to the e lec t rons . 

Scanning microscopes of another typ^, commonly called mic roprobes , 
a re being used. They do not fit the requirements set up in this project for 
severa l r easons . They generally a re used for surface analysis by X rays 
or secondary electrons reflected from the surface l aye r s . Their field has 
been in analysis for medium and heavy elements , although improved tech­
niques have been gradually extending their capability into lighter e lements . 
Also, resolution has so far been limited to about a hundred angs t roms, be­
cause of the use of heated filaments and because electrons scat tered below 
the surface of the specimen produce an effective reaction a rea larger than 
the actual beam-spot s ize. 

In this microscope there does not appear to be any basic reason for 
not attaining resolution down to one angstrom or better eventually. Also, 
analysis for light elements is not difficult, because the K-shel l energy sepa­
ration among them is ample for easy selection. 

The type of signal detection used makes it possible to count single 
electrons as well as to measure currents when the counting rate gets very 
high. With this high sensitivity, the pr imary current can be small (10"'' to 
10"'° A is normally used) and specinnen burnup is almost nonexistent, even 
for long observation per iods . 
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This report records several aspects of the project, - ^ - ^ l ^ ' f / P ^ ^ ' j 
in Section 1, theory of design and instrumental ? " " " ? " ^^/^^f ° ' ^^ , , ' , : i ' 
instrument details that a re more or less unique m Sections 4 to 19, devei 
opment phases, and early resu l t s . 

Since the major objective is the development of an instrument 
developmental stages a re important in reaching this goal and -^-^^^^^'^^^ 
described A succession of changes in components have been made and will 
continue to be made as the character is t ics of each are learned and new 
designs are made. These components are described along with their ad-
vantages and limitations. 

The coverage is limited to the period that the project was at 
Argonne National Laboratory. This period started with the conception of 
the project late in 1962 and terminated with its removal to The University 
of Chicago in August 1967. 
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2. THEORY OF DESIGN 

To provide different contrast mechanisms using selected electron 
energies and to perform an analysis of energies and possibly re la te these 
to definite locations on the specimen, it is necessa ry to examine one at a 
t ime the elemental a reas in the specimen. This led to using a small beam 
sccuining the specimen, with the spatial resolution approximately equal to 
the diameter of the beam at the specimen. 

The analysis parameter was chosen to be the character is t ic energy 
losses in electrons t ransmit ted through a thin specimen. A spectrometer 
separates electrons of different energies t ransmit ted and permits signal 
output from a selected energy band. This permits a selection of cont ras t s . 
Information can be obtained in several forms, as discussed below. 

2.1 Conventional Pic ture 

A conventional e lectron-microscope picture is obtained by observing 
the electrons that a re t ransmit ted at full energy (no loss) . Good contrast is 
possible from light-element specimens without staining or shadowing with 
heavy elements . 

2.2 Low-energy Losses 

Low-energy losses from loosely bound electrons can be observed. 
In par t icu lar , some metals exhibit what a re usually called plasma electron 
losses . For example, aluminum shows such an absorption at 1 5 eV and 
multiples of that (Fig. 2). Outer-shel l electron-absorption peaks may be 
useful where only a few known elements a re present and their spatial d i s ­
tribution is desired. However, these absorptions a re less useful for gen­
era l analysis , because of their abundance in elements, their small values, 
and the overlapping among spectra from different e lements . 

2.3 Higher-energy Losses 

Higher-energy losses from K-shel l interactions provide more c lea r -
cut data for analysis than do the low-energy losses , because of the greater 
separation in energy in the former . For example, the K^ energy in carbon is 
283 eV, in nitrogen 399 eV, and in oxygen 531 eV. These values indicate that 
identification of elements in organic mater ia l s should be possible in many 
cases by measuring energy-loss peak locations using an energy-select ion 
device. An example of an energy spectrum obtained using a Teflon speci­
men in the microscope is shown in Fig. 3, with an oxygen KQ, peak at 
530 eV, and a weak but definite fluorine peak at ~680 eV. 



15 V 30 V 

(a) Complete Spectrum 

45 V Energy Loss 

0 15 V Energy Loss 

(b) Expanded Portion of Spectrum 

Fig. 2. Plasma-oscillation Losses in Aluminum. ANL Neg. No. 201-7612. 

(a) Complete 
Spectrum 

(b) Fluorine 
Edge 

(c) Carbon (on two 
different scales) 

Fig. 3. Electron-energy Losses in Teflon. ANL Neg. No. 201-7611. 

2 .4 L o w R e s o l u t i o n 

A t l o w r e s o l u t i o n , o n e c a n g a i n s o m a i n f o r m a t i o n f r o m t h e e n e r g y -
c u r v e e n v e l o p e s . T h e d r a w i n g of F i g . 4 s h o w s t h a t a s o n e g o e s f r o m l i g h t e r 
to h e a v i e r e l e m e n t s t h e m a x i m u m m o v e s t o h i g h e r e n e r g i e s a n d t h e p e a k 

b r o a d e n s . T h e r a t i o of i n t e n s i t i e s a t t w o v a l u e s of e n e r g y l o s s e s , s u c h a s a t 

E l a n d E2 in F i g . 4 m a y p r o v i d e u s e f u l i n f o r m a t i o n f o r onal i ta tT.vf . .5:1,13v.. = ŝ  
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LIGHT ELEMENTS 

HEAVY ELEMENTS 

2.5 Disp lay 

F o u r m o d e s of d i s p l a y , 
d i s c u s s e d in the p a r a g r a p h s 
be low, m a k e it p o s s i b l e to look 
a t the s p e c i m e n in d i f f e ren t 
w a y s . 

2.5.1 S p e c i m e n I m a g e 

Fig. 4. Spectra of Energy Loss in Light and Heavy 
Elements. ANL Neg. No. 143-2878. 

A b lack and whi t e i m a g e 
on the face of a c a t h o d e - r a y 
tube p r o v i d e s a c o n v e n t i o n a l -

looking e n l a r g e m e n t of the s p e c i m e n . T h e s e a r e m a d e by showing the 
i n t e n s i t y of f u l l - e n e r g y e l e c t r o n s at each point of s c a n . D a r k e r a r e a s m e a n 
tha t f ewe r e l e c t r o n s p e n e t r a t e d the s p e c i m e n due to e i t h e r i n c r e a s e d den ­
s i ty o r t h i c k n e s s . 

2 .5 .2 E n e r g y - l o s s I m a g e 

An i m a g e is m a d e s i m i l a r l y to the s p e c i m e n i m a g e above e x c e p t tha t 
the i n t e n s i t y o b s e r v e d is tha t of e l e c t r o n s tha t have los t e n e r g y . The f i r s t 
d i f f e r e n c e is tha t the i m a g e is g e n e r a l l y r e v e r s e d . Tha t i s , open s p a c e s 
tha t show whi t e us ing f u l l - e n e r g y e l e c t r o n s a r e now b l ack b e c a u s e no 
e l e c t r o n s l o s e e n e r g y w h e r e t h e r e is no m a t e r i a l . Th ick a r e a s m a y be 
b l a c k , the s a m e a s wi th full e n e r g y , b e c a u s e no e l e c t r o n s ge t t h r o u g h . 
H o w e v e r , th in a r e a s tha t a r e p a r t i a l l y t r a n s p a r e n t m a y be l igh t , d a r k , or 
s o m e s h a d e of g r e y depend ing on the e n e r g y l o s s s e l e c t e d and the n a t u r e of 
s p e c i m e n m a t e r i a l . • 

A p a t t e r n of l oca t i on of an e l e m e n t can be d i s p l a y e d , p r o v i d e d the 
s p e c i m e n t h i c k n e s s i s u n i f o r m and not e x c e s s i v e . T h i s can be done by 
s e l e c t i n g a n a r r o w e n e r g y - l o s s band c o r r e s p o n d i n g to r e m o v i n g an i n n e r -
s h e l l e l e c t r o n in tha t e l e m e n t . T h i s d i s p l a y can be spec i f i c for a g iven 
e l e m e n t of low a t o m i c w e i g h t , s i n c e the i n n e r - s h e l l e n e r g i e s a r e qui te 
w i d e l y s e p a r a t e d b e t w e e n e l e m e n t s tha t a r e ad j acen t to e a c h o t h e r in the 
p e r i o d i c t a b l e . 

2 .5 .3 C o l o r C o m p o s i t i o n 

S e l e c t i n g e l e c t r o n s at two e n e r g y l o s s e s p e r m i t s two e n e r g y - l o s s 
i m a g e s to be s u p e r p o s e d if a d i f fe ren t co lo r is u s e d for e a c h e n e r g y . 

In one s c h e m e , the two i m a g e s can be d i s p l a y e d on two c a t h o d e - r a y 
t u b e s , e a c h tube having a co lo r f i l t e r d i f fe ren t f r o m tha t of the o t h e r . By an 
a r r a n g e m e n t of n n i r r o r s , t h e s e i m a g e s a r e c o m b i n e d on a g r o u n d - g l a s s 
s c r e e n for v i s u a l o b s e r v a t i o n or on a co lo r f i l m for a p e r m a n e n t r e c o r d . 



The color gradations provide a vivid picture of the relative locations of ^^o 
components m the specimen. This scheme has been used successfully with 
the two storage-tube displays on the system. 

An alternate scheme is to display the image on a color television 
tube In this case, the intensity signals modulate the two color guns with­
out using intermediate cathode-ray-tube pic tures . A working sys tem of 
this type was built using an RCA monitor television set. 

2.5.4 Energy Spectrum 

A quite different type of display permits a qualitative, and to some 
extent quantitative, analysis to be made of a portion of the specimen. The 
display is a curve on a cathode-ray tube showing intensity as a function of 
energy loss. If the energy-loss scale is calibrated, the energy losses of 
the peaks can be compared with known losses of elements to identify them. 
The peak height is related to the amount of mater ia l , but it is also affected 
by the specimen thickness and the scattering losses by other ma te r i a l . 
Therefore quantitative analysis may not be very rel iable; however, the 
accuracy may be improved by choosing other base energies such that in 
the specimen thickness, few collisions occur in the secondary e lect rons . 

The method for producing this display is to superpose a sweep po­
tential on the spectrometer steady potentials. This sweep is in synchronism 
with that of the cathode-ray tube, and a succession of electron energies is 
swept across the spectrometer slit, with the intensity at any instant being 
measured as the y-coordinate on the cathode-ray tube (the x-coordinate 
represents energy). Usually, the microscope beam sweeps are shut off for 
this observation of a particular spot on the specimen. If the specimen is 
swept also, one gets a general average curve, but it is so broadened as to 
be rather useless . 
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3 . I N S T R U M E N T A L P R I N C I P L E S 

T h e unique r e q u i r e m e n t s of th i s i n s t r u m e n t r e s u l t e d in a d e s i g n 
tha t d i f fe red in a n u m b e r of ways f r o m conven t iona l e l e c t r o n m i c r o s c o p e s 

and m i c r o p r o b e s . The v a r i o u s d e ­
s ign f e a t u r e s wi l l be l i s t e d and 
d e s c r i b e d g e n e r a l l y u n d e r the func­
t iona l r e q u i r e m e n t . (A s c h e m a t i c 
d i a g r a m of the C r e w e e l e c t r o n -
e n e r g y - a n a l y z i n g m i c r o s c o p e is shown 
in F i g . 5.) L a t e r in th i s r e p o r t e a c h 
i t e m wi l l be t aken up aga in in d e t a i l . 

Fig. 5. Schematic Diagram of Crewe Electron-
energy-analyzing Microscope. ANL 
Neg. No. 143-1740. 

3.1 S m a l l B e a m I m a g e 

The r e s o l u t i o n , and c o n s e ­
quent ly the b e a m - i m a g e scann ing 
spo t , w a s in i t i a l ly p l a n n e d to be 
10 A, but it w a s l a t e r d e c i d e d tha t 
the goa l should be 1 A. O p t i c a l l y , 
the n e e d s a r e a s m a l l s o u r c e , s m a l l 
a b e r r a t i o n s in a l l focus ing e l e m e n t s , 
s m a l l m a g n i f i c a t i o n , m o n o c h r o m a t i c 
e l e c t r o n s (or a c h r o m a t i c l e n s e s ) and 
a b s e n c e of d i s t o r t i n g f i e l d s , e i t h e r 
e l e c t r i c or m a g n e t i c . M e c h a n i c a l l y , 
the r e q u i r e m e n t s a r e s t a b i l i t y and 

f r e e d o m f r o m v i b r a t i o n s . The i m a g e spot can have a v i r t u a l s i z e l a r g e r 
than i t s a c t u a l s i ze if the b e a m is v i b r a t e d l a t e r a l l y by changing f i e lds o r 
by m o v e m e n t s in the op t i ca l e l e m e n t s due tc? m e c h a n i c a l v i b r a t i o n s . 

3.1.1 S o u r c e 

The s m a l l e s t known s o u r c e s for e l e c t r o n b e a m s a r e c o l d - e m i s s i o n 
t i p s . T h e s e a r e u s u a l l y m a d e of t u n g s t e n , e t c h e d to a s h a r p po in t , and then 
t h e r m a l l y s m o o t h e d . W e l l - f o r m e d t ip s of s e v e r a l h u n d r e d a n g s t r o m s 
r a d i u s m a y have a v i r t u a l s o u r c e s i z e about 30 A d i a m e t e r , s i n c e e l e c t r o n s 
a r e e j e c t e d a long the f ield l i n e s , wh ich a r e n e a r l y n o r m a l to the h e m i s p h e r ­
i c a l s u r f a c e . With m o d e s t d e m a g n i f i c a t i o n s , i m a g e s of a few a n g s t r o m s , or 
even 1 A, in d i a m e t e r shou ld be p o s s i b l e . 

A c o l d - e m i s s i o n s o u r c e p r o d u c e s m o r e n e a r l y m o n o c h r o m a t i c 
e l e c t r o n s than does a hot f i l a m e n t . In cold e m i s s i o n , the s p r e a d in e n e r g y 
can be l e s s than an e l e c t r o n vol t (at low c u r r e n t s ) . 

F i e l d e m i s s i o n f r o m a h e a t e d t i p , c o m m o n l y c a l l e d the T - F 
( t e m p e r a t u r e - f i e l d ) m o d e of e m i s s i o n , i s not a s s a t i s f a c t o r y a s cold 
e m i s s i o n s i n c e a w i d e r t h e r m a l e n e r g y s p r e a d is d e v e l o p e d and a l s o 



increased lateral velocities (i.e., velocity components normal to the field 
lines at the emitting surface) produces a larger virtual source size. 

Two complications ar ise f romthe use of cold-emission sources , 
namely, a bias electrode is needed between the tip and accelerating anode, 
and a much higher vacuum environment is required than for a filament 
source. 

3.1.2 Anode Lens 

The bias anode at a potential of 1 or 2 kV above that on the tip, along 
with the accelerating anode at much higher potential, forms an electrostat ic 
focusing system with its own abberations and voltage-stability requi rements . 

Of all the lens aberra t ions , 
spherical aberrat ion is the one that 
usually causes the most spread in the 
beam image. Therefore a computer 
progr am was formulated by J .W. Butler 
of the ANL Applied Mathematics 
Division to plot an anode configuration 
with minimum spherical aberrat ion. 
A radial-sect ion plot of the desired 
anode surfaces is show^n in Fig. 6. 
The two anode surfaces are mi r ro r 

Fig.6. Butler-anodeSystem. ANLNeg.No. 201-6150. images of each other. 

Since focal length of the anode lens is dependent on both potentials, 
stability of these is important. At present , the accelerating potential is 
furnished by an electronic supply regulated to a few parts per million, and 
the bias potential is supplied by ba t te r ies . 

Sources and anodes are described more fully in Sections 4 and 5. 

3.1.3 Vacuum 

For continued s table-current operation of a cold-emission source, 
a pressure of about 10"' Torr or less is required to preclude instability 
from contamination and to prevent premature destruction of the tip by ion 
bombardment. The entire e lect ron-beam system is enclosed in one vacuum 
chamber. The beam is terminated at a scintillator detector mounted on a 
quartz light pipe, which provides an optical path through the vacuum-
chamber wall. To avoid organic contamination, the system was designed 
with sorption pumps for the roughing pumpdown stages and ion pumps for 
the final stage. 

Further details of the chamber and the vacuum system are p r e ­
sented in Section 16. 
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3.1.4 Magnetic Lens 

The requirements of the lens are that it demagnify and focus the 
monoenergetic beam of electrons from the source to a spot on the specimen. 
In one sense, this requirement is simple in that a single lens could suffice, 
since the a rea of coverage on the specimen is very small as contrasted to 
the large a rea of image in a conventional nnicroscope. However, the r e ­
quirement is still severe because of the aberrat ion qualities needed if the 
goal of 1 A resolution is to be attained. Two approaches have been made 
to the magnetic l ens - -a multipole (quadrupole-octupole) design, and a single 
annular-gap lens design. Details of the lenses are contained in Section 6. 

3 1.4.1 Quadrupole-Octupole Lens. The first lens design contained a pair 
of quadrupoles with three octupole cor rec tors interleaved among the quad­
rupoles . This choice was made because of some theoretical indications 
that the spherical aberrat ion could be reduced below that of annular-gap 
lenses . 

3.1.4,2 Annular-gap Lens. For an alternate approach, a lens from a con­
ventional electron microscope was modified for use in this microscope . 
Operation of its one coil is simpler than that of the multicoil quadrupole 
unit, and its propert ies are better known. Thus it serves as an in te r im lens 
while other charac ter i s t ics of the microscope are being studied. 

The first annular-gap lens was an intermediate lens from an RCA 
EMU-3G electron microscope. Since its limit of resolution is about 40 A, 
a second lens of shorter focal length, a Ruska-type unit with specimen in 
the center of the magnetic pole gap, was designed and was calculated to 
reach a resolution of about 5 A. 

3.1.5 Spurious Charges 

To avoid beam distortion by electr ic charges , special care had to be 
taken in design so that only conducting metal surfaces could "see" the beam. 
Also, ext reme cleanliness is necessa ry to prevent any organic or oxide 
film from forming on surfaces facing the beam, so that charges cannot 
build up there . 

3.1.6 Magnetic Shielding 

Alternating or otherwise varying magnetic fields move the electron 
beam through the Lorentz force. This has the effect of increasing the 
apparent size of the image spot during the time of observation and thus 
lowering the resolution. Therefore the design incorporated Mumetal 
shields inside the vacuum chamber surrounding the beam from the source 
to the magnet and fronn the magnet to beyond the specimen. The iron in 
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the magnet acted as a shield in that portion of the beam path. A comprornise 
w a s ^ c^fsary between shielding and vacuum pumping - ^ - - 7 ^ ; ^ ^ " 
ing in shield cans with numerous holes m the shieldmg surfaces . Synchro 
nizing the horizontal scan with the power Ime frequency improved the 
picture, as explained in Section 19.1.3. 

Steady magnetic fields are not troublesome if weak, since they can 
be compensated quite easily by small permanent magnets . 

* 
3.1.7 Vibration 

Mechanical vibration between parts of the electron beam sys tem can 
wiggle the beam, thus making the image spot effectively larger and lowering 
the resolution. The design therefore included a framework and mountmgs 
for components that are rigid structurally. Also, shock-absorbing pads 
form the feet of the instrument. 

Two components are particularly susceptible to vibrat ing-- the 
emission tip and the specimen mounting. There is little to be done to make 
the tip more rigid, since it is inherently a long, thin cantilevered piece. 
One specimen ca r r i e r , designed to be innmersed inside the lens pole pieces, 
was made to rest against the poles supported by a light spring which de­
couples the car r ie r from the specimen changing and adjusting mechanism. 
In this way, vibration coming through the magnet moves the specimen with 
it, avoiding relative motion between them. 

Shielding and vibration are discussed more fully in Section 19. 

3.2 Energy Analysis 

The energy-analysis system involves entirely different instrumen­
tation than do conventional electron microscopes or microprobes . Basically, 
a sorter of electrons by energy and a detector capable of measuring 
intensity of any selected energy beam are needed. 

3.2.1 Spectrometer 

An electrostatic electron-energy analyzer was chosen for two 
reasons. F i rs t , the dimensions and potentials needed for 50-keV electrons 
were all reasonable. Second, it was desirable to be able to dial in precise 
quantities and relate them to energies consistently. Potentials on 
electrostatic-analyzer plates fulfill the latter requirement , but currents 
in magnetic spectrometers do not, because of hysteres is in the iron mag­
netic circuit. Spherical rather than cylindrical surfaces were chosen be­
cause of the easier construction of the former using conventional lens-
grinding techniques. For stability, quartz was used for the plates , and 
conducting films of evaporated Inconel form the electrode surfaces. 
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Details of the spectrometer a re in Section 11. 

3.2.2 Slits 

The minimum slit opening was initially planned for a 10-eV band­
width of electron energies at 50 keV. This was felt to be adequate resolution 
for analyzing by K-shel l energy losses , where the difference between two 
adjacent light elements is much larger than 10 eV. For example, these 
energies in carbon and nitrogen are 116 eV apart . The slits were designed 
to accept a band as wide as 100 eV for wide peak measurement s . 

Two outputs were designed into the instrument so that simultaneous 
comparisons could be made on two energy losses . The separation between 
slits is variable between 200- and 1100-eV energy. The comparison be­
tween the two outputs is vividly displayed in color, using two color f i l ters , 
one for each output, and superimposing them. 

Experiments show the spectrometer to be capable of much higher 
energy resolution than 10 eV. The slits were reworked to close to about 
0.3-eV bandwidth. 

More details of the slits a re given in Section 12. 

3.2.3 Detectors 

Scinti l lators sensitive to electrons in the energy range of approxi­
mately 10-50 keV and capable of existing in a vacuum of 10"' Torr limited 
the selection of ma te r i a l s . Some prel iminary Jests of scintillating mate r ia l 
in a vacuunn chamber indicated that cesium)iodide and Pilot B would be 
acceptable. These tes ts were done by W. C. Kaiser and his group of the 
Electronics Division. Both these mater ia l s were used and have proven to 
be sat isfactory. Each scintil lator is a thin plate and is bonded with epoxy 
cement onto the end of a quartz light pipe. 

The quartz light pipes a re shaped to t ransmi t light to Amperex 
XPIOIO photomultiplier faces outside the vacuum chamber, and have flanges 
such that a Viton O-ring seal is made to the chamber. 

There are two detector sys tems , each with a scinti l lator , light pipe, 
seal , photomultiplier, and display sys tem. They a re not identical, however. 
The detector and light pipe behind the movable slit a re larger than those in 
the other detector system in order to cover the area that can be seen by 
this sl i t . 
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3.3 Display 

Output information can be shown in several forms, as a d i rec t -
viewed image or as photographs of this image, and as energy spectra either 
directly viewed or recorded. In addition, l ine-sweep displays are used for 
resolution measurements . The display system is described in more detail 
in Section 14. 

3.3.1 Image Tube 

A storage-type tube was selected to retain the image and permi t 
integration time because of the very low levels of signal. P ic ture frame 
times of 0.1, 1, and 10 sec are provided. Signals can be superimposed on 
the images already present to increase the integration time to the order of 
minutes. 

3.3.2 Circuits 

Three major considerations were involved in circuit des ign-- f i rs t , 
processing very small signals with as high signal-to-noise rat io as pos­
sible; second, providing supplies and foolproof protection for the storage 
tube; and, third, providing linear sweeps for the storage tube and microscope 
beams. This system is described in Section 14. 

3.3.3 Energy Spectrum 

Analysis of the specimen through energy-loss infornnation is best 
displayed by a plot of electron beam intensity versus energy loss . At first 
this was done point-by-point by either moving the slit or changing spectrom­
eter potentials for varying the energy-loss coordinate. La te r , these plots 
were observed directly on an oscilloscope tube by adding the tube horizontal-
sweep potentials to the steady spectrometer plate potentials. By this means, 
the various energies of electrons are swept across a stationary slit. 

3.3.4 Multichannel Analyzer 

The beam current is usually in the order of 10^'° A, and only a very 
small portion of that suffers a K-shell energy loss . Therefore, the signal-
to-noise ratio is often quite low, even though the sys tem is capable of dis­
playing individual electron detections. To improve the signal-to-noise 
ratio, a multichannel analyzer is used to accumulate data from repetit ive 
sweeps of the energy spectrum. Thus a better display of intensity versus 
energy loss is obtained than by observing it directly on an oscilloscope. 



27 

3.3.5 Line-sweep Display for Resolution Measurement 

Resolution measurements are made by sweeping the electron beam 
across a sharp edge in the specimen and displaying the output amplitude 
versus beam position. On an oscilloscope, the signal intensity will appear 
at one level when the entire beam goes through the specimen, and at another, 
higher, level when it goes through the opening. The r i se time in going from 
one level to the other is the time that the beam is crossing the edge; from 
this information the beam width can be calculated. The beam-spot size is 
measured in two orthogonal directions by interchanging the sweep signals 
between the two pairs of deflection plates , thereby rotating the beam 
sweep 90°. 
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4. SOURCE 

4.1 Requirements 

4.1.1 Small Size 

In the scanning type of electron microscope, the spatial resolution 
is essentially equal to the diameter of the beam at the specimen. The 
initial goal was to resolve to 10 A. However, there is no apparent theo­
retical reason why a much higher resolution cannot be achieved. In 
particular, at 1 A resolution, one should approach the possibility of delin­
eating individual atoms in a specimen. 

In either case, a very small source size is required, even with 
considerable demagnification by a lens. Assuming a lens magnification of 
0.03, to get 1 A resolution, a source size of 30 A diameter is needed, if no 
lens aberrations were present . With some inevitable aberrat ions in 
focusing, either a smaller source or more demagnification is neces sa ry . 

4.1.2 Small Energy Spread 

Since one use of the microscope was anticipated to be analysis by 
measuring energy losses in electrons, any spread in source energy would 
degrade the results by adding to the spread in energy of the t ransmit ted 
electrons. It is necessary to keep this spread as small as possible for at 
least four reasons . F i r s t , a spread produces uncertainty in the energy of 
the loss peak, and where several peaks a re close together, an accurate 
knowledge of the energy may be needed for quantitative analysis . Second, 
if several peaks are close together, they may merge and lose their identity 
as separate energy losses . Third, a very weak peak, by being broadened, 
may become submerged in the background and be lost. Fourth, chromatic 
aberration in the lens will enlarge the beam diameter and impair the 
resolution. 

4.1.3 Mechanical Stability 

Movement of the source in the scanning mode of operation worsens 
the resolution, because the spot moves and destroys the correlation between 
the spot locations in specimen and display. The effect depends to a large 
extent on the frequency of vibration as well as on the amplitude. At vibration 
periods short compared to the time the beam spot moves one diameter , the 
spot will be effectively smeared out with corresponding loss of resolution. 
At periods long compared to the time of movement of one spot diameter , 
the effect is to distort the scan line t ransverse ly , longitudinally, or both. 
In the fortuitous circumstance that the vibrations would have a harmonic 
synchronization with the l ine-sweep frequency, the effect would be only a 
slight distortion of the image. In general , however, this would not be so. 
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and the nonsynchronous matching of adjacent lines would degrade the 
resolution of the image. 

Mechanical stability of the electron source, relative to the res t of 
the optical system and specimen, is thus important, and rigid supports for 
the source and other components are required. 

4.2 Field Emission 

The requirements of small source size and low energy spread a re 
best met in cold field-emission t ips. Mechanical stability perhaps suffers 
because of the long thin tip, but the overall requirements definitely indi­
cated that this type of source was necessary . One other drawback, which 
was quite successfully solved, is the necessity of operating the cold 
emission tip in a p re s su re of 10"' Torr or less to avoid its p remature 
destruction by ion bombardment. 

4.2.1 Theory of Emission 

In very high fields at the surface of a metal , electrons can penetrate 
the surface ba r r i e r (which is deformed by the field) by tunneling. This is 
a quantum-mechanical process and differs from photoelectric and thermal 
emission in that the lat ter electrons must surmount the ba r r i e r ra ther than 
tunnel through it. The fields required for emission currents a re of the order 
of 3-6 X lO' v / c m at the surface, and electrons from the conduction band 
then have an appreciable probability of tunneling out. 

Such high fields a re obtained by making the radius of an electrode 
sufficiently smal l . If two concentric spheres have a potential difference 
Vb between them, the field E at the surface of the inner sphere of radius 
R is 

Vb/R (1) 

if R is very small compared to the outer electrode radius . The tapered 
shank on the hemispherical tip a l te rs this relation and the field near the tip 
axis is determined to be (Ref. 2, p. 45) 

E = Vb/5R. (2) 

The current function over a small range from the s ta r t of emission is 

i = V^a exp(-b0 ' /ycVb) . (3) 

where a, b, and c are constant or nearly so, 0 is the work function, V̂ ^ is 
the bias potential, and i is the total current . 
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The b ias po ten t i a l is of the o r d e r of 1 or 2 kV for m o s t t u n g s t e n t i p s . 
The r e l a t i on be tween b ias and t ip r a d i u s is g iven by E q . 2. M e a s u r i n g the 
poten t ia l at which e m i s s i o n b e g i n s , which r e q u i r e s about 3 x lO'' v / c m f ie ld 
for tungs ten , p e r m i t s the t ip r a d i u s to be c a l c u l a t e d . A 1000-A r a d i u s t i p 
wil l thus emi t at ~1500 V. 

The c u r r e n t - v e r s u s - v o l t a g e function d e m o n s t r a t e s t he n e e d for good 
regu la t ion of the b ias po ten t i a l when s t eady c u r r e n t i s d e s i r e d . F r o m E q . 3 , 
it a p p e a r s that once field e m i s s i o n s t a r t s , the c u r r e n t r i s e s a p p r o x i m a t e l y 
quad ra t i ca l l y with field or vo l t age . 

The b r i g h t n e s s of a c o l d - e m i s s i o n t ungs t en s o u r c e can be s e v e r a l 
o r d e r s of magn i tude above that p o s s i b l e f r o m h e a t e d f i l a m e n t s . C u r r e n t 
dens i t i e s up to about 10^ A / c m ^ can be ob ta ined in s t e a d y o p e r a t i o n . In 
m i c r o s e c o n d p u l s e s a t 1000 p e r s e c o n d , c u r r e n t s of 10 A / c m have been 
obtained (Ref. 2, p . 53). 

The dens i ty of e m i t t e d c u r r e n t i s s t r o n g l y dependen t on the w o r k 
function of the c r y s t a l s u r f a c e , which in t u r n depends on the type of c r y s t a l 
face that is exposed . On an e tched tungs t en t i p , m a n y f aces a r e e x p o s e d and 
the emi t t ed c u r r e n t at a g iven po ten t i a l exh ib i t s a wide v a r i a t i o n in d i f fe ren t 
d i r e c t i o n s . On a f l u o r e s c e n t s c r e e n facing the t ip th i s p a t t e r n can be r e a d i l y 
seen (F ig . 7), with s o m e a r e a s qui te b r igh t a t the s a m e t i m e a s o t h e r s a r e 
comple te ly d a r k . ( F i g u r e 7a shows a u sab l e but not d e s i r a b l e b e a m p a t t e r n ; 
F ig . 7b shows a d e s i r a b l e b e a m p a t t e r n . ) T h e r e f o r e , it i s n e c e s s a r y to have 
the tip o r i en t ed in such a way that a b r i g h t p o r t i o n of the so l id ang le i s in 
line with the i n s t r u m e n t b e a m a x i s . 

(b) Desirable Beam Pattern 

Fig. 7. Beam Patterns from Tungsten Tip. ANL Neg. No. 143-2560. 

(a) Usable but Undesirable 
Beam Pattern 

Unfor tunate ly , the w i r e - f o r m i n g p r o c e s s usua l ly o r i e n t s the c r y s t a l s 
so that the 110 plane is p e r p e n d i c u l a r to the w i r e a x i s . This p l ane h a s a 
high work function and is a poor e m i t t e r . T h e r e f o r e , the e m i t t e r t ips a r e 
usually m a d e f r o m w i r e tha t has been r e o r i e n t e d so tha t a l o w e r w o r k -
function p lane is p e r p e n d i c u l a r to the w i r e a x i s . The 310 p lane is c o m m o n l y 
used as the emi t t ing p lane in t u n g s t e n (see Sect ion 4 .2 .4) . 
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A tip with the poor-emitting 110 plane perpendicular to the axis could 
be tilted to put a good-emitting plane normal to the lens axis . This was not 
t r ied, because of the possibility of the slanting tip wire disturbing the 
electr ic field so as to enlarge the effective beam source size. 

4.2.2 Source Size 

After proper forming, a tungsten field-emission tip is nearly hemi­
spherical . Etching produces crystall ine faces in a polyhedron approximately 
hemispherical in shape on the end of a long cone. Heating to tempera tures 
a few hundred degrees below the melting point allows the atoms to migrate 
and the sharp corners between faces to become rounded. 

The radius of this hemisphere can be as small as a few hundred 
angs t roms. Electrons emitted normal to this surface are on paths that 
extrapolate back through the center of the sphere bounded by the surface. 
Therefore the virtual source is ideally a point at the center. The actual 
virtual source size is approximately 30 A (Ref. 2, p. 57). 

4.2.3 Energy Spread 

The spread in energy of electrons emitted under field emission con­
ditions is much smaller than the spread in hot-cathode emission, largely 
because of smaller thermal energy variations of the electrons. This spread 
is superimposed on the acceleration energy. 

The total energy spread at room temperature depends on the field 
at the surface, being larger at higher fields.^ At moderate fields, ~4 x 10 
v / c m , essentially all the electrons a re in a range of energies AE = 1 eV. 
However, nearly two-thirds of them lie in a range AE = 0.2 eV (Ref 3, 
Fig. 7), and about 80% lie in a range AE = 0,3 eV. 

4.2.4 Making the Tips 

A tip is made from a short length, about 1/8 in., of 5-mil-diam 
tungsten wi re . This is spot-welded near one end to the apex of a V-shaped 
filament of 8-mil-diam tungsten wire . (See Section 17.5 for equipment for 
forming the filament.) The tip is then etched on the free end of the 5-mil 
wire (Section 4.2.4.1). The final step is to round the tip end by heating to a 
few hundred degrees below the melting point of tungsten, either by sustained 
heating or , more generally, by flashing (Section 4.2.4.3). 

4.2.4.1 Etching P r o c e s s . An electrolytic etch is performed on the tip wire 
by dipping the free end of the tip, pointing vertically downward, into a 
IN NaOH solution and applying a dc potential of about +10 V to the tip, with 
the negative pole connected to the solution. A concave annular ring is 
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etched around the wire with the thinnest part just below the liquid surface. 
After a few minutes, the wire is etched through and the bottom piece falls. 
The current is then shut off within a microsecond of the break t ime by 
means of an electronic trigger switch. If shutoff is delayed, the tip be­
comes blunter. This method produces a short etched length of wi re . 

Variations in method were used, such as having drops of liquid in 
two wire rings, using ac electrolysis , etc. , but the tips produced were of a 
much longer taper and more fragile than those made as described above. 

4.2.4.2 Material. Tips made from ordinary tungsten wire usually will have 
a poor-emitting 110 plane at the end after etching. Sometimes bending the 
wire a few times before etching will reorient the crysta l s t ruc ture , but 
getting a good tip by this means is rather uncertain. 

Deposition of other mater ia ls such as zirconium or cesium onto the 
tungsten surface may produce more cold emission of e lect rons . However, 
these generally have to be deposited in the vacuum in which they are to be 
used. The added complexity in the microscope precluded the use of this 
method. 

A source of oriented wire was obtained initially by cutting out 
"wires" from a billet of s ingle-crystal tungsten by e lec t r ic-d ischarge 
machining. A crystal in the form of a bar 1/2 in, in diameter was obtained 
from Linde Division of Union Carbide. Using X-ray reflection, R. M. Mayfield 
and L. T. Lloyd of the Metallurgy Division oriented the crys ta l . The Central 
Shops Department then cut out wires by electr ic discharge machining, using 
stainless steel hypodermic-needle tubing as a tool. 

Techniques for making zone-refined tungsten wire in diameters 
small enough, with some grinding and etching, to be used for cold-emission 
tips was developed in the meantime by Field Emission Corporation. These 
were purchased with the 310-plane orientation perpendicular to the axis. 
This plane was claimed to be better for emission than some other planes 
used for this purpose. This source of tip mater ia l was found to be sa t i s ­
factory and was eventually standardized upon for the microscope, 

4.2.4.3 Forming the Spherical Surface. The resul t of etching is a tip with 
a generally hemispherical shape, but is actually a polyhedron with numerous • 
crystal planes on the surface. The sharp edges where planes meet produce 
high fields, and the overall field pattern is i r regula r , resulting in a virtual 
source that is quite large. 

If the tip is heated to slightly below its melting tempera ture (~200°C 
below), atoms can migrate along the surface and move so that the surface 
becomes quite smooth. This takes place in a short t ime, usually a few 
flashes of 0.2-sec time width are sufficient. 
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4.2.4.4 Sharpening the Tip. Migration of atoms caused by surface tension 
takes place toward the shank during heating, resulting in the tip radius be­
coming l a rge r . However, the direction of migration can be stopped or even 
reversed if an electr ic field of sufficient strength is applied at the tip. The 
direction of this field is opposite that used for electron emission; that i s , 
the tip is positive with respect to the bias anode. 

The field, E^, in statvolts per centimeter , at which the electrostat ic 
field force on a surface atom just balances that due to surface tension is 
given by (Ref. 4, Eq. 9) 

E ; = (^^7/R)^^^ (^) 

where R is the tip radius in cent imeters and y is the surface tension of 
tungsten in dynes per centimeter . The latter is given as 7 = 2900 dynes /cm 
at 2000°K (Ref. 4, Eq. 10). Rearranging and converting units to EQ in volts 
per centimeter makes the expression become 

R E J = 6.5 X 10' V ^ c m . (5) 

Using Eq. 2 with E = 3 x lO' v / c m as the operating field, we obtain 

Vf = 3 3 y v ^ , (^' 

where Vf is the r eve r se potential for no migration, and V^ is the operating 
potential for electron emission at low current . 

Migration will be toward the tip and will then build on it to form a 
sharper tip during heating if the r eve r se potential is greater than that 
determined from Eq. 6. This process has a limited application, but has 
been used to decrease the tip radius by nearly a factor of 2. Tip growth is 
not smooth; some crystal planes grow faster than others so that a rough 
surface is formed. To smooth the surface, the tip is then flashed (as 
discussed in Section 4.3.3). 

4.3 Operating Experience 

This section is essentially a chronicle of unusual or unexpected 
operating experiences that affect the source. 

4.3.1 Tip Loss by Electr ical Breakdown 

One of the more serious problems encountered in operation is loss 
of the tip whenever an electr ical breakdown occurs inside the microscope . 
Not only is the cost of the tip involved, but hours of operating t ime a re lost 
because the microscope must be opened to change the tip and then baked and 
pumped down again to 10" Tor r . 
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Usually the breakdown is from the first , or bias, anode to the acce l ­
erating anode at ground potential. This momentari ly puts the bias anode at 
near ground potential through the low-resis tance a r c . The tip then sees 
nearly accelerating potential (in the tens of kilovolts) ra ther than the bias 
potential (of the order of 1 kV). The tip is thus destroyed by its own ex­
cessive emission current . 

These breakdowns usually occur on first raising the accelerat ing 
potential after the microscope has been opened. After a seasoning period 
at operating potential, the danger of a breakdown becomes remote . To 
protect the tip during the seasoning period, it would seem that if the tip and 
first anode were connected directly together, the tip should always face 
zero potential difference and be protected. However, all such attempts 
were unsuccessful, even when the connecting link was placed inside the 
main insulator at the feedthrough conductors (which was as close as we 
could get to the tip and anode). Apparently the small charge in the remain­
ing conductor and tip allows a momentary high current to flow that is 
sufficient to destroy the tip. 

A more nearly successful method of protecting the tip is to inser t 
a series res is tor of 5 x 10 n in the high-voltage cable at the microscope. 
The current in the arc is limited so that the bias anode does not make a 
severe enough potential excursion to damage the tip. Few tips have been 
lost during arcover since this res is tor has been used. After the seasoning 
period, the res is tor is removed, since leaving it in would cause the tip po­
tential to fluctuate with variations in current resulting in undesirable var ia­
tions in energies of the electrons. Of course , the tip is vulnerable to loss 
during operation if a breakdown occurs , and this has been the pr imary 
remaining source of tip loss . 

4.3.2 Errat ic Current 

The tip current is monitored continuously by an e lect rometer in the 
bias potential circuit. At a p ressure of 10"' Torr in the microscope as read 
fromthe ion-pump currents , there is some instability. Some periods of 
operation may last as long as several hours , others only a few minutes, 
before it becomes necessary to clean up the tip by flashing it with a current 
pulse through the tip support wi re . The pattern of fluctuation is for the 
current to gradually r i s e , with the rate of r i se increasing with t ime. The 
result is a catastrophic destruction of the tip unless it is flashed. Along 
with the overall r ise in current , the shor t - t ime fluctuations become more 
violent also. 

Why our experience with er ra t ic current contrasted with that of 
workers in field emission work at 10"' Torr was eventually answered by an 
experiment done in a small test chamber (see Section 17,4). This is a small 
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vacuum chamber, free of internal pumping obstructions, mounted on a large 
ion pump. By observing the cu r ren t -ve r sus - t ime character is t ics of an 
emission tip as a function of p re s su re in the chamber, we could duplicate 
the behavior experienced in the microscope, but the p ressure was 10 Torr 
or higher. The conclusion was that the p ressu re around the tip is consider­
ably higher than that indicated by the pump current . Although there are 
numerous large holes in all the components around the tip, obstructions to 
direct- l ine pumping make possible a p ressu re difference of one or two 
orders of magnitude. 

4.3.3 Flashing 

Flashing the tip consists of sending a current pulse through the fila­
ment wire supporting the tip. The tip itself is heated by conduction from 
the filament. Flashing is used for two different purposes-- to form the tip 
(see Section 4.2.4,3) and to clean it. 

The heating step in forming the tip is necessary because the resul t 
of etching is a polyhedron tip surface, consisting of the crystal planes. 
Heating the tip to a few hundred degrees below the melting point allows 
surface migration of the atoms so as to smooth the surface to a hemi­
spherical shape. This can be done by flashing as well as by sustained heating. 

Cleaning the tip by heating is necessary periodically during opera­
tion to remove gas or oxide layers on the tip which cause er ra t ic current 
emission (Section 4,3.2). After heating, the current immediately becomes 
steady. 

The flash pulse consists of a current*of about 8 A lasting for 0.2 sec 
when an 8-mil-diam filament wire is used. Both current and time period 
are adjustable in the supply built for this purpose (Section 18.5), but the 
values above appear quite satisfactory. 

In ear l ie r operation of the microscope, flashing required that the 
high voltage be shut off and then a plug from the flasher power supply was 
inserted into the high-voltage box containing the bias supply to perform the 
flash. Then the high voltage had to be brought to operating level again. 
This process was time-consuming and interrupted operations. 

The system was revised to permit flashing with the high voltage on. 
This method requires a t ransformer with isolation between pr imary and 
secondary to withstand the high voltage and to hold leakage to either s ec ­
ondary or ground to 10"* A levels or lower. Otherwise, disturbances in the 
electron energy would occur due to fluctuations in the high, voltage. The 
t ransformer used is an Electran custom-built unit with 10 V, 10 A output 
and isolation for 60 kV. 
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4.3.4 Tip Loss from Ion Pumps at High P r e s s u r e 

Occasional loss of the emission tip occurred when the ion pumps 
were turned on. Sometimes a flash of light was noted in the microscope. 
This proved to be a glow discharge that traveled out from the pump at 
pressures in the order of a few times 10"^ Tor r . This problem was solved 
by simply pumping longer with the sorption pumps to lower the p re s su re to 
about 10"^ Torr . Another solution considered, but not used, was to install 
coarse screens at the mouth of each pump to stop the glow discharge in the 
pump from spreading. 

4.4 Design 

Cross-sectional views of the electron gun are shown in Fig. 8. 

4.4.1 Tip Mount 

The insulators used for the tips are ceramic discs used in a Siemens 
beam welder. Collets of stainless steel were designed to hold the two ends 
of the tip support wire rigidly. The wire must be held inflexibly, because 
it becomes quite brittle where the tip wire is spot-welded to it. The other 
ends of the collets are designed to be pushed into spring-clip contacts (as 
shown in Section A-A of Fig. 8). 

4.4.2 Insulator 

The insulator to carry the vacuum-seal electr ical feedthroughs for 
the tip and bias anode is designed to operate at 50 kV. This was made in 
the Chemistry Division Glass Shop by J . C. Hodur and his group. The 
double-wall construction (seen in Fig. 8) was to make the glassworking 
simpler, with the close tolerances required in alignment of the three feed-
through pins and the tip-supporting s t ructure . 

4.4.3 Adjustment 

Three types of adjustment of the insulator holding the tip are pos-
sible--tilt, lateral , and vert ical . A stainless steel bellows provides the 
flexible seal. 

Tilting is done by means of four adjusting screws at the top of the 
insulator assembly. The tip is swung into axial alignment with the anodes 
by observing the signal output of the microscope. Alignment is quite cr i t i ­
cal, and a few degrees of screw rotation means the difference between a 
strong signal and no signal. 

Lateral motion was provided because of uncertainty initially as to 
the angular alignment required between tip axis and anode axis . This 



7- Tilt adjust knob 
11- Lateral adjust knob 
15- Glass HV insulator 
22- Tip insulator 
23- Tip support wire 
49- Bias anode support 
50- Mumetal shield 

52- Bias electrode, wire cage 
53- Mumetal shield 
54- Bias anode insulator 
58- Bias anode contact 
59- Accelerating anode 
67- Machlen socket 

Fig. 8. Electron-gun Cross Sections 
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proved not to be cri t ical , and the lateral adjustment was seldom used after 
early operation of the microscope. Putting the tip into the anode axis could 
be done with either the tilt or lateral adjustment, but the tilt screws are 
used because the bellows responds to this type of movement with much less 
resistance than it does to lateral displacement, which forces it into an 
S shape. 

The tip is adjusted vertically by turning all four tilt-adjusting screws 
the same amount. This either s tretches or compresses the bellows. This 
adjustment is used only for experimental purposes, since small variat ions in 
tip height (source distance) is easily compensated by changing the lens 
current (focal length) and is automatically included in the focusing procedure.. 
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5, ANODES 

Two anodes are needed for a field-emission tip to be used in an 
electron gun where specified energies of electrons are required. The 
potential on the anode facing the tip is fixed by the tip charac ter is t ics and 
the emission current . Acceleration to a given energy must then be done by 
a second anode at the desired potential. 

5.1 Bias Potential 

The bias is the potential of the first anode relative to the emitter 
tip, and it determines the current from the tip. Measurable emission 
current s tar ts (from tungsten) in fields at the tip surface of about 3 x 
10^ v / c m , and then r i ses nearly quadratically with field or voltage. Thus 
the bias potential must not only be well regulated, but must also essentially 
surround the tip so that it cannot be influenced by the high accelerating 
potential. In the conventional method of connecting the power supply, the 
emitter is connected to the negative high potential, and it sees all grounded 
microscope par t s at accelerating potential. 

Tip destruction almost invariably occurs whenever a breakdown 
occurs between the bias anode, or its connection, and ground (Section 4.3.1). 
Usually the breakdown occurs between anodes. The close spacing (~4 mm) 
between anodes is based on the design of the anodes for low spherical 
aberration. Increasing the gap would increase distortion in the beam, thus 
impairing spatial resolution in the specimen. Other paths for arcover, 
such as along the insulator, were designed to be long enough so that tip 
losses due to a rcs other than between anodes have been quite r a r e . 

Facing the tip, the anode shapes used have been of several different 
designs. All, however, had a basic hemispherical shape of 1-cm radius 
with the emitting tip at the sphere center. The first anode was a simple 
Inconel hemisphere with a 0. 33-mm-diam hole for the beam, thus admitting 
a beam divergence of 0.033/l = 0.033 radian full angle. Equatorially around 
the hemisphere were eight 0.125-in.-diam holes for pumping out the inside 
and for viewing the tip. The next design, with cupped anodes, had the same 
design toward the tip, but had an additional set of eight 0.25-in.-diam holes 
on a latitude that cleared the eight equatorial holes, to increase the pumpout 
conductance. 

Difficulties due to tip current instability, which was presumably due 
to high gas p r e s su re in that area , led to redesign of the bias anode. 
Assuming that the cause of higher p re s su re was due to the electron beam 
degassing the anode surface, the next anode was made of a thin sheet of 
molybdenum formed into a hemispherical shape. The purpose here was to 
be able to heat and outgas it just before installing, then, after the mic ro ­
scope p r e s su re reached -lO"*" Torr , heat the tip filament and outgas the 
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cup again with a high beam current. While this method appeared to be an 
improvement, the next step was to build an open-mesh hemisphere out of 
fine molybdenum wire. The wire was 0.003 in. diameter and the openings 
about 0.1 to 0.2 in. in size. 

The hemispherical shape with the tip at the center produces a 
radial field and keeps the electrons along straight radial paths from the 
tip surface. If the anode were flat, field lines would bend so as to become 
normal to the surface at the plate. If electrons follow these lines, they 
would appear to come from a larger source and thus degrade the resolution. 
Actually, the electrons paths would be influenced very little by the field 
shape at the anode, because they reach essentially their full energy not far 
from the tip. As an example, with an inner sphere of 10" -cm radius 
(1000 A), an outer sphere of 1-cm radius, and a potential of 50,000 V 
between them, an electron reaches 45,000 eV energy only 1 micron radial 
distance from the center (90% full energy 9000 A from the tip surface) and 
49,995 eV at 1-mm travel. Actual tip and anode configurations alter these 
figures, but the orders of magnitude are s imilar . 

The bias potential supply is described in Section 18.2. 

5.2 Anode System 

Both faces of the bias anode require surfaces to form properly 
designed fields. The face toward the tip is hemispherical and was dis­
cussed in Section 5.1. The other face looks toward the accelerating 
anode, and this combination, with the potential difference, forms an 
electrostatic lens containing its own aberrat ion defects which degrade the 
resolution. 

5.2.1 Empirical Designs 

The first anode designs were empirical and were replaced as soon 
as a satisfactory analytical design was made. 

The first set consisted of concentric spherical surfaces with the tip 
at the center. The bias anode was hemispherical , 1 cm in radius, and con­
vex toward the other anode. The accelerating anode was 4 cm in radius, 
concave, and covered a half-angle from the beam axis of ~50°. 

In the next set, each anode was a near-hemisphere cup with concave 
surfaces facing each other. The purpose of this design was to reduce the 
electric fields on each side of the aper ture in the anodes. Anode aper tures 
act as lenses, and such lenses have large aberrat ions. Making the field on 
each side of the aperture zero eliminates this lens action. The surfaces 
were spherical with 14-mm radius and were mounted with centers coinci­
dent. A 3-mm annular gap separated them; thus neither cup was a full 
hemisphere. 
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All the above anodes, as well as the later ones, were made of Inconel 
because of its nonmagnetic character . Care was taken throughout to avoid as 
nearly as possible any chance of a permanent or induced magnetic field being 
formed in the beam. 

5.2.2 Low Spherical-aberrat ion Anodes (Butler anodes) 

Since the electron beam is processed by the anode fields as a lens, it 
is important that distortion be minimized here as well as elsewhere along the 
beam. All mechanical contributions to distortion were made as small as pos­
sible by machining and polishing to as low tolerances as reasonably possible. 
For example, the eccentrici t ies of the beam apertures were kept below 
0.0001-in. variation in diameter. 

However, after all possible mechanical imperfections are success­
fully avoided, there still remain the inherent aberrat ions of the lens. Of 
these, spherical aberrat ion usually causes the most serious beam spreading. 
(Chromatic aberrat ion is small here, because the energy spread is very 
small (see Section 4.2.3).) Therefore, a lens anode design was made to mini­
mize spherical aberrat ion. The method was worked out by J. W. Butler of the 
Applied Mathematics Division and the resulting anode system has become 
known as the Butler gun. 

Basically, the procedure was to set up an equation for the path of an 
electron as a function of the spherical aberrat ion constant, Cg.^ Then a com­
puter p rogram was designed to solve for coordinates of a radial section of 
each anode such that Cg is at a minimum. A symmetrical design (one anode 
the mi r ro r image of the other) was assumed with 2-cm spacing on the axis. 
The source was assumed to be just immersed. A cross-sec t ional drawing of 
the resultant anode shapes is shown in Fig. 6. 

5.2.3 Character is t ics of Butler Anodes 

The design theory made possible the calculation of some performance 
charac ter is t ics of the electron gun. 

5.2.3.1 Focal Length The calculated shape of the anode depends on its size 
and in this case the axial distance between apexes of the two anodes was fixed 
at 2 cm. The focal distance from the second anode aperture was derived as a 
function of the accelerating potential, VQ, holding the bias potential, Vi, as a 
variable parameter . These values are shown in Figs. 9 and 10, along with 
experimental values measured at Vi = 1.31 and 1.59 kV, respectively. It 
appears from these curves that the theory predicts the gun operation quite 
well at 1.31 kV, but deviates some at 1.59 kV, insofar as focal length is 
concerned. 
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5.2.3.2 Magnif icat ion. Ca lcu la t ed magn i f i ca t i ons as a funct ion of a c c e l ­
e ra t ion potent ia l , with b i a s po ten t i a l as v a r i a b l e p a r a m e t e r , a r e shown in 

F ig . 11, a long with a c u r v e of e x p e r i ­
m e n t a l v a l u e s t a k e n a t Vj = 1.59 kV. 
The a g r e e m e n t b e t w e e n c a l c u l a t e d and 
e x p e r i m e n t a l v a l u e s i s f a i r l y good, 
c o n s i d e r i n g the difficulty of mak ing 
t h e s e m e a s u r e m e n t s . 

5 .2 .3.3 A b e r r a t i o n . A c a l c u l a t e d se t of 
v a l u e s for s p h e r i c a l a b e r r a t i o n is shown 
in F i g . 12. It i s a p p a r e n t f r o m t h e s e 
c u r v e s that it i s d e s i r a b l e to keep the 
a c c e l e r a t i n g p o t e n t i a l and the b i a s p o ­
t e n t i a l high to r e d u c e the a b e r r a t i o n . 
H o w e v e r , the cho ice of t h e s e v a l u e s i s 
l i m i t e d by o t h e r f a c t o r s . 

Fig. 11. Magnification of Image due to 
Butler Anodes. ANL Neg. No. 
201-6811. 

The b i a s po t en t i a l i s l i m i t e d to a 
s m a l l r a n g e d e t e r m i n e d by the s i z e of 
the e m i t t i n g t ip , b e c a u s e of the s t e e p 

function of emi t t ed c u r r e n t with po t en t i a l . Tip s ize can be c o n t r o l l e d to 
some extent, but when the t ip i s i n s t a l l e d , the b i a s 
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d e t e r m i n e d . Hea t ing or f lash ing the t ip can e n l a r g e the s ize of the t ip and 
i n c r e a s e the b i a s , but th i s i s not v e r y p r e d i c t a b l e and i n c l u d e s a h a z a r d in 

tha t the t ip m a y be ru ined . To b r i n g the foca l 
po in t to a pos i t i on so that the lower l ens can 
focus the b e a m on the s p e c i m e n with suff ic ient 
demagn i f i ca t ion , the a c c e l e r a t i n g p o t e n t i a l i s 
then d e t e r m i n e d a s in F i g s . 9 or 10. To k e e p 
the focal d i s t a n c e s h o r t , the r a t i o Vo/Vj m u s t 
be m a d e l a r g e , c o n t r a r y to the r e q u i r e m e n t 
for l ower ing the s p h e r i c a l a b e r r a t i o n c o n s t a n t . 
Thus a c o m p r o m i s e with a b e r r a t i o n i s m a d e . 
Typ ica l va lue s for V Q / V I a r e 15 to 25. 

5.3 Des ign 

5 . 3 . r M a t e r i a l 

The choice of m a t e r i a l for the a n o d e s 
was l i m i t e d by r e q u i r e m e n t s of low m a g n e t -

Fig. 12. Spherical Aberration in Image 
due to Butler Anodes. ANL 
Neg. No. 201-6812. 

i s m , v a c u u m , and a r c i n g . 

5.3.1.1 Low M a g n e t i s m . The usua l cho ice of 
300 S e r i e s s t a i n l e s s s t e e l for high v a c u u m 
p a r t s was not s a t i s f a c t o r y , b e c a u s e of the non­
m a g n e t i c r e q u i r e m e n t . Though they a r e n o m i ­

nal ly n o n m a g n e t i c , t e s t s on s o m e p i e c e s of Type 304 s t a i n l e s s s t e e l us ing a 
Hal l p r o b e d i s c l o s e d the p r e s e n c e of p e r m a n e n t l y m a g n e t i z e d s p o t s . An­
nea l ing the p i e c e s would p r o b a b l y r e m o v e the m a g n e t i s m , but th i s was not 
done b e c a u s e of the d a n g e r of w a r p i n g the p a r t s , and t h e r e was no a s s u r ­
ance tha t the p e r m e a b i l i t y would be suff ic ient ly c l o s e to uni ty for our 
r e q u i r e m e n t s . 

Incone l a p p e a r s to have a s a t i s f a c t o r i l y low p e r m e a b i l i t y a s wel l a s 
C u r i e po in t (-40°C). Incone l X i s b e t t e r , but was not r e a d i l y a v a i l a b l e in 
s i z e s l a r g e enough. Other m a t e r i a l s such a s OFHC c o p p e r and b e r y l l i u m 
c o p p e r would p r o b a b l y be s a t i s f a c t o r y . 

5.3.1.2 Vacuum. Vacuums of 10"' Torr limit the choice of mater ia ls to 
those that have a very low vapor p ressu re and are not porous. Porosi ty 
that permi ts leakage through the chamber walls is obviously not pe rmis ­
sible. A mater ia l that slowly re leases molecules from pores, but is not 
permeable, is not very satisfactory because of the long time needed for 
pumpdown. Some speedup in time is gained by baking but for internal par t s 
such as the anodes, heating may be difficult. Several metals, including the 
300 Series stainless s teels , Inconel, OFHC copper, and beryllium copper 
fulfill this requirement satisfactorily. 

5.3.1.3 Arcing Resistance. The ability of a metal to res is t development 
of a spark across a gap between pieces is probably related to the propensity 
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for the metal to grow whiskers. Definite information on relative arcing 
resistance is difficult to find, but Inconel, the metal chosen for the original 
electrodes, has been satisfactory in this respect. 

It has been reported that the alloy of titanium containing 7% alumi­
num and 4% molybdenum is exceptionally resis tant to arcing. This mater ia l 
was used for the anode inserts in a second gun system designed for 100-kV 
acceleration and has proven to be satisfactory. 

5,3.2 Construction 

5.3.2.1 Machining Methods. The first set of Butler anodes was made by 
using a template for a guide in cutting the surface shape in a lathe. For 
the next set, a tape was prepared for the tape-programmed lathe in Central 
Shops to cut the surface. Polishing was done by hand in both methods. 

This tape was used to make anodes for other electron-gun systems, 
with a considerable saving in cost over the first manually machined set. 

5.3.2.2 Testing. The character is t ics of the anode system were tested in 
the scanning microscope itself. 

The focal distance as a function of potentials was measured by 
scanning a narrow aperture slit (Section 9.1) manually ac ross the beam to 
determine the width of the conical beam at that level. The location of the 
apex of this cone, the focal point, was then calculated. Several focal dis­
tances could be checked independently using the size of the specimen image 
as a gauge. With the lower (magnetic) lens off, a focused beam can be pro­
duced at the specimen as indicated by a sharp image of the specimen. An­
other check point is the central plane of the magnetic-lens field, near 
which it becomes impossible to focus the beam on the specimen. If the 
anode focus is anywhere between the magnetic-lens central plane and the 
specimen, it is not possible to focus the beam, on the specimen with the 
magnetic lens. The lens plane point is not sharply defined, since the mag­
netic lens cannot be made strong enough to produce a focus on the speci­
men when the anode focus is some short distance toward the anodes from 
the central plane of the magnetic lens, but a fair est imate of the focus lo­
cation can be made. 

Aberrations are measured by getting a beam cross -sec t ion pat tern 
using the aperture slits. The beam is focused at the specimen, and the 
variation in image intensity is plotted as a function of positions of the two 
orthogonal slits. The beam has a diameter at the slit level on the order 
of 1 mm, and the narrow slits are 0.05 mm in length. Therefore, the beam 
cross section can be resolved into several hundred areas by this method. 
Alternatively, the shape of the focused beam can be seen directly on the 
display image if a very small hole (small compared to the beam size) is 
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available in the specimen. The shape of the display image of the hole, pro­
duced as the beam sweeps through a ras te r , is essentially the shape of the 
beam cross section, and the brightness of various areas in this image is a 
measure of the corresponding intensities of the beam areas . The latter 
measurement is made with the magnetic lens off if the aberrations of the 
anode system is desired; otherwise one gets a combined aberration figure 
for the entire optical system. 

5.3.3 Anode Supports 

The accelerating anode is at ground potential and is mounted di­
rectly on top of the magnet support, and there is no electrical problem in­
volved. The bias anode is at nearly accelerating potential (negatively) 
with respect to ground, and several methods were tried to mount it. Since 
it is not far (a few kilovolts at most) from the emitter in potential, its po­
tential connection is brought through the same high-voltage feedthrough 
insulator as that for the emitter , in all the mounting types. 

5.3.3.1 Concentric and Cup Anodes. The first anode, a concentric style 
(Section 5.2.1), and the next, the hemispheric type, were mounted on the 
bottom of the insulator, surrounding the emitter . Therefore, the bias 
anode could be moved laterally relative to the other anode by means of the 
insulator adjusting screws. The tip was fixed with respect to the bias 
anode, and they moved together in the adjusting procedure. When the anode 
was mounted over the tip, they were aligned so as to be coaxial with each 
other by means of adjusting screws, but after the insulator was mounted in 
the microscope, this setting could not be changed. 

The pr imary disadvantage of this typ'e of mount is that if the emit­
ter tip bends, which it often does when it is flashed, there is no way to cor­
rect it without opening the microscope. Although this system permits both 
emitter and bias anode to be isolated by one insulator, later anodes were 
mounted separately, even though separate high-voltage insulation then had 
to be provided. 

5.3.3.2 Long Insulator. The first system using Butler anodes had the bias 
anode hanging on a cylindrical insulator, which in turn was supported by 
the accelerating anode (as shown in Fig. 8). This design made possible 
accurate alignment between the anodes before they were mounted in the 
microscope. Now adjusting the main insulator moved only the emitter tip. 

The insulator was made from a 4-in.-diam, 4-in.-long quartz cyl­
inder, the long length being to avoid electr ical leakage since the potential 
between anodes may go as high as 50 kV. This design produced a bias 
anode in the form of a cup. Holes were made in both the insulator and the 
cup in a number of places around the circumference for pumping out the 
inter ior . The electr ical connection to the anode came through the main 
insulator, and contact with the anode was made through a spring connector. 
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This system worked quite well and was used for several yea rs . Its 
drawback was the interference with attaining a low p res su re around the 
emitter, and it was replaced with a short insulator unit. 

5.3.3.3 Short Insulator. Making the insulator between anodes in the form 
of a short spacer opened a clear path for pumping from the emitter a rea to 
the cold baffle. Some hesitation was felt as to the possibility of an insula­
tor ring only 0.697 in. long allowing too much leakage current . The system 
has operated quite satisfactorily by avoiding shapes in the anodes that 
would cause high fields and by keeping the insulator clean. 

The insulator ring was cut from a 99% AljO, alumina cylinder and 
was sandblasted lightly. The anode surfaces near the insulator were made 
flat to avoid high fields, so there were no guide or alignment r ings. There­
fore, the anodes were aligned optically with the insulator in a sandwich 
form, and the parts were cemented together. After some tes ts on several 
adhesives, including epoxies, both for their adhesive strength and their 
effects on attaining an ultrahigh vacuum, the choice made was Eastman 910. 
This material has proven to be highly satisfactory in this application. If 
high-temperature bakeout is required, other mater ia ls may be necessary . 
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6, LENSES 

The function of the lens is to focus the electron beam to a pojnt on 
the specimen. Since the effective source size is of the order of 30 A diam­
eter, a demagnification of 30 would, in principle, produce a 1-A-diam spot. 
This amount of demagnification is well within the range of one lens; so the 
basic plan was to design the microscope with a single lens. Aberration 
correction, however, may require additional lens components. 

Since resolution is essentially equal to the beam image size, the 
diffraction -and aberrat ion requirements of the lens are stringent if a r e so ­
lution of a few angstroms is to be attained. The three principal contributors 
to enlarging the beam image size are (1) spherical aberration, (2) diffraction 
(not str ictly a lens defect), and (3) chromatic aberration. 

Spherical aberrat ion increases with increased aperture size ac­
cording to the relation 

6ds (7) 

where 6ds is the image size due to spherical aberration if a perfect lens 
would produce a point image, Cg is the spherical aberration constant, and a 
is the cone apex half-angle of the beam at the specimen. Since 6ds goes up 
as the cube of aper ture size, the aperture should be as small as possible 
if spherical aberrat ion is to be minimized. 

Diffraction contributions, dd^, to image size are given by 

6dd o, i / a . * (8) 

Therefore, to reduce this effect, the aperture should be made as large as 
possible. Choice of aperture must then be a compromise between spherical 
aberrat ion and diffraction effects. In this microscope the effects were se­
lected such that 6ds = 6dd at a = 5 x 10"^ rad, and the first design used 
this angle for choosing the size of the aperture at the output of the lens. 
Fur ther improvement can then be made only by improving spherical aber­
ration in the lens, or by compensating for it (such as with a Deltrap 
correc tor) . 

Chromatic aberrat ion requirements of the lens are essentially el imi­
nated by having monoenergetic electrons in the beam. The contributions to 
variations in energy are (1) instability in the high-voltage power supply, and 
(2) variations in energy of electrons as they are emitted from the source. 

The power-supply stability is rated at 50 ppm over an hour including 
ripple and dc change and has been observed to be much more stable than its 
rating. It thus contributes <1 eV to the energy variations. The energy 
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s p r e a d b e t w e e n a g r e a t m a j o r i t y of c o l d - e m i s s i o n e l e c t r o n s i s c o n s i d e r a b l y 

l e s s t h a n 1 e V . T h e r e f o r e , t h e t o t a l s p r e a d i s of t h e o r d e r of 2 e V i n 

5 0 , 0 0 0 e V , a t m o s t . T h e p o w e r - s u p p l y c o n t r i b u t i o n to i n s t a b i l i t y c a n n o 

d o u b t b e r e d u c e d c o n s i d e r a b l y b y u p g r a d i n g t h e s u p p l y . 

6,1 M a g n e t i c Q u a d r u p o l e - O c t u p o l e L e n s 

S i n c e s p h e r i c a l a b e r r a t i o n w o u l d p r o d u c e t h e w o r s t i m a g e s p r e a d ­

i n g , t h e i n i t i a l c h o i c e of l e n s w a s a n a t t e m p t t o m i n i m i z e t h i s f a c t o r . 

S o m e w o r k b y S e p t i e r ' " i n d i c a t e d t h a t t h e s p h e r i c a l - a b e r r a t i o n c o e f ­

f i c i e n t of a q u a d r u p o l e d o u b l e t w a s a t l e a s t a s g o o d a s t h a t of s o l e n o i d a l 

l e n s e s . T h i s w a s t h e p r i m a r y r e a s o n f o r c h o o s i n g a q u a d r u p o l e l e n s . A l s o , 

c o n v e n t i o n a l l e n s e s h a v e b e e n s t u d i e d q u i t e t h o r o u g h l y , a n d t h e i r c h a r a c t e r ­

i s t i c s a r e q u i t e p r e d i c t a b l e , b u t , t h e c h a r a c t e r i s t i c s of s m a l l q u a d r u p o l e s 

w e r e r e l a t i v e l y u n k n o w n a n d t h e r e b y o f f e r e d a p r o m i s i n g i t e m f o r d e v e l o p ­

m e n t . A s e c o n d a r y a d v a n t a g e of q u a d r u p o l e s i s t h e i r l o w p o w e r r e q u i r e ­

m e n t s (a f r a c t i o n of a w a t t a s c o n t r a s t e d w i t h t e n s of w a t t s f o r a 

c o n v e n t i o n a l l e n s ) , w h i c h l e s s e n t h e e f f e c t s of t h e r m a l d i s t o r t i o n . 

6 . 1 . 1 T h e o r y 

M u l t i p o l e m a g n e t i c l e n s e s h a v e p o l e s p o i n t i n g r a d i a l l y i n w a r d 

t o w a r d t h e l e n s a x i s a n d p r o d u c e f i e l d s w i t h l a r g e c i r c u m f e r e n t i a l c o m p o ­

n e n t s . S i n c e s u c c e s s i v e p o l e s a r o u n d 

y t h e a x i s a l t e r n a t e i n s i g n , t h e s e f i e l d 

c o m p o n e n t s b e t w e e n t h e p o l e s a l t e r ­

n a t e i n d i r e c t i o n ( a s s h o w n i n F i g . 13) . 

T h u s c h a r g e d p a r t i c l e s m o v i n g a x i a l l y 

w i l l b e f o r c e d t o w a r d t h e a x i s i n o n e 

g a p , f o r c e d a w a y i n t h e n e x t g a p , a n d 

s o o n a r o u n d t h e m u l t i p o l e . T h e b e a m 

i m a g e i s l o b e d i n a p p e a r a n c e , a l t e r -

. X n a t e l y f o c u s e d a n d d e f o c u s e d a s o n e 

p r o c e e d s a r o u n d t h e a x i s . 

Q u a d r u p o l e s p r o d u c e a f i r s t -

Fig. 13. Basic Quadrupole Profile. 
ANL Neg. No. 143-2421. 

o r d e r f o c u s e d i m a g e , b u t w i t h s p h e r ­

i c a l a b e r r a t i o n . T h e f i e l d B Q = k r 

i s l i n e a r -with r a d i a l d i s t a n c e f r o m 

t h e a x i s . T w o s e t s of p o l e s a r e n e e d e d 

f o r a c o m p l e t e s y s t e m . S e x t u p o l e s 

p r o d u c e a f i r s t - o r d e r i m a g e w i t h c h r o ­

m a t i c c o r r e c t i o n , a n d t h e f i e l d a s a 

f u n c t i o n of r a d i u s i s B r kr"^ O c t u -
p o l e s p r o v i d e c o r r e c t i o n f o r s p h e r i c a l a b e r r a t i o n , s i n c e t h e i r f i e l d s . 

Bo = k r , a r e c u b i c f u n c t i o n s of d i s t a n c e f r o m t h e a x i s , a n d t h e i m a g e 

s p r e a d due to t h i s a b e r r a t i o n i s p r o p o r t i o n a l t o t h e c u b e of b e a m a n g l e 
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with axis or cube of radial distance from axis. Therefore an octupole can 
be adjusted to compensate for spherical aberration. For complete co r r ec ­
tion around the axis, three sets of octupoles are needed. 

Since the electron beam in the microscope is quite monoenergetic, 
there is no need for sextupoles for chromatic correction. Therefore, the 

initial design included two sets of 
quadrupoles and three sets of octu­
poles (as shown in Fig. 14). 

VACUUM CAN 

QUADRUPOLES 

Fig. 14. Quadrupole-Octupole Magnet. 
ANLNeg. No. 201-7399. 

The i m a g e f r o m a s ing le 
quad rupo le i s focused along one d i ­
a m e t e r and defocused along the p e r ­
p e n d i c u l a r d i a m e t e r , r e s u l t i n g in an 
e l l i p t i c a l i m a g e f rom a c i r c u l a r o b ­
jec t . The second q u a d r u p o l e i s r o ­
t a t ed 90° f r o m the f i r s t and d e f o c u s e s 
the focused r a y s of the f i r s t q u a d r u ­
pole a n d f o c u s e s the defocused r a y s of 
the f i r s t unit . To a z e r o o r d e r , t h e i r 
effects would s e e m to c a n c e l . How­
e v e r , j u s t as in the op t i ca l s y s t e m of 
a converg ing and d ive rg ing l ens of 

equa l focal length , t h e r e i s a net f i r s t - o r d e r focus ing along the d i a m e t e r s . 
The r e s u l t a n t i m a g e s i ze on the ax i s i s p a r t l y due to s p h e r i c a l a b e r r a t i o n , 
and th i s i s then p a r t i a l l y c o r r e c t e d by the t h r e e o c t u p o l e s . The r e m a i n i n g 
i m a g e s i ze should idea l ly be due to object s i ze and dif f ract ion, in a m o n o ­
c h r o m a t i c b e a m , excep t for h i g h e r - o r d e r effects and o the r a b e r r a t i o n s . 

6.1.2 Des ign 

S t a r t i ng with the a c c e p t e d n u m b e r 1.14 a s the r a t i o of r a d i i of 
q u a d r u p o l e b o r e to pole t ip , t r i a l s w e r e m a d e with f ie lds of the o r d e r of a 
few h u n d r e d g a u s s , ob jec t d i s t a n c e 10 cm, i m a g e d i s t a n c e 1 to 20 c m , and 
e l e c t r o n s having 50 keV e n e r g y . The fol lowing d i m e n s i o n s w e r e then 
c h o s e n ; 

R a d i u s , l ens ax i s to pole t ip 

R a d i u s , pole t ip 

4 m m 

4.56 m m 

6 1 2 1 Magne t S t r u c t u r e . The po l e s w e r e m a d e h e m i s p h e r i c a l in s h a p e . 
The b a s i c q u a d r u p o l e shape i s a h y p e r b o l i c c y l i n d e r . H o w e v e r a c i r c u l a r 
c y l i n d e r i s a n e a r enough a p p r o a c h such tha t the l o s s in i m a g e qua l i t y i s 
in s ign i f i can t . The two s e t s a r e r o t a t i o n a l l y a l igned wi th oppos i t e m a g n e t i c 
p o l e s ad j acen t . To p r e v e n t a m a g n e t i c field b e t w e e n t h e s e p o l e s , a sh ie ld 
was p l a c e d b e t w e e n t hem. The c e n t e r hole in each sh ie ld h a s a lobed p r o ­
file tha t m a t c h e s the q u a d r u p o l e ends (as m a y be seen in F i g s . 15 and 16). 
The s h i e l d was p l a c e d a d i s t a n c e away f r o m the pole s u r f a c e equa l to the 
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V//////////A 
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Fig. 15 
Profiles of Quadrupoles 
and Shields 

Fig. 16. Poles and Shields. ANL Neg. No. 210 
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distance from pole tip to lens axis (4 mm). Each tip was made hemispher­
ical to present a similar aspect to the shield as it does to the axis. 

The pole mater ia l is killed Armco iron, and the tips were polished 
to a radius of 4.56 mm with a radial uniformity of ±0.0025 mm. The pole 
tips were examined carefully to ensure that no pits that would distort the 
field appeared on the surface. 

A multilayer yoke structure supports the poles, each hole for a pole 
being split between two layers (see Figs. 16 and 17). The poles were posi­
tioned by f irst assembling the structure with all poles in their places but 
at too large radial position. Then a metal dowel was polished to a cylin­
drical surface of 4 -mm radius with ±0.0025-mm uniformity. This dowel 
was positioned accurately down the central axis of the lens, and each pole 
was pushed in until it contacted the dowel, as determined by a simple 
electrical-continuity test. Then the stack screws were tightened to clamp 
the poles firmly. The stack is built with two full-length dowels to prevent 
any radial shift during tightening. 

iWWfftff 

Fig. 17. Magnet Parts. ANL Neg. No. 210-707. 

The co i l d e s i g n w a s b a s e d on us ing a l l the a v a i l a b l e s p a c e and fi t­
t ing it to the c h a r a c t e r i s t i c s of a s e l e c t e d c u r r e n t s o u r c e . Since the power 
supply had a m a x i m u m output of 100 m A at 100 V, the load to u t i l i z e th i s 
fully should be 1000 H, or 250 Q. for each of the four co i l s in a q u a d r u p o l e . 
E a c h co i l c o n s i s t s of 2800 t u r n s of No. 38 s i n g l e - f i l m Teflon w i r e 
( A m e r i c a n Super T e m p . W i r e s , Inc . ) . The a m p e r e - t u r n r e q u i r e m e n t s a r e 
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given by NI = 1.6 Ba, w h e r e B is the field in g a u s s and a i s the d i s t a n c e 
f rom lens ax is to pole t ip in c e n t i m e t e r s . In the m i c r o s c o p e , the b o t t o m 
quadrupo le (the s t r o n g e s t ) needs a field of 600 g a u s s to focus 5 0 - k e V e l e c ­
t rons on the s p e c i m e n ; t h e r e f o r e NI = 390 a m p e r e t u r n s for a m a g n e t i c 
c i r cu i t . Each c i r c u i t i s suppl ied by two co i l s ; t h e r e f o r e e a c h co i l r e q u i r e s 
195 a m p e r e t u r n s , m a x i m u m , which then u s e s 70 m A c u r r e n t . Thus the 
c u r r e n t supply is adequa te . 

All the co i l s have exac t ly the s a m e n u m b e r of t u r n s to p r e c l u d e any 

a s y m m e t r y f r o m unequal c o i l s . * 

6.1.2.2 Oc tupo les . The t h r e e s e t s of oc tupo le s a r e s i m i l a r to the q u a d r u ­
po les in the i r c y l i n d r i c a l shape with h e m i s p h e r i c a l pole t i p s ( s ee F i g s . 14, 
16, 17, and 18), but the yoke end was m a d e l a r g e r for b e t t e r s u p p o r t . The 
po les a r e 0.8 m m in r a d i u s with a r a d i a l un i fo rmi ty of ±0 .005 m m and a r e 
a l so m a d e of k i l led A r m c o i ron . A few p i t s p e r h a p s 0.05 m m deep w e r e 
found along the c y l i n d r i c a l s u r f a c e s , but t h e s e w e r e judged to be of no s e ­
r ious c o n c e r n s ince they w e r e not r igh t at the t ip and the f i e lds f r o m t h e s e 
po les a r e weak. The pole t ips w e r e a l igned to the s a m e dowel a s w e r e the 
quad rupo le s (4 m m f r o m the l ens a x i s ) . 

i , y | i | i | i | i | i | i | i | i | i t r | iM | i | i | i | i | i | i | i | i |M i | i | i |M i | i | i | iM ] i | i | i | i | i | i | i | i | i i i | i | i | i | i | i | i 
f,» I 3 8' 4 ' 5' 

iiiLiiiiiiiiiiiiiiiiiitailiiiiflJiiiiiiiiiiiiiiiiiiiiiiiliiiliiWhNiIiSIiSIi&iliiptiiiliilK 

Fig. 18. Coils and Poles in Place. ANL Neg. No. 210-719. 

The octupole field g r a d i e n t r e q u i r e d i s of the o r d e r of 0.1 tha t of 
the quadrupo le s . But the pole d i a m e t e r i s 0.175 tha t of the q u a d r u p o l e s ; 
t he re fo re the field should be 0 . l / o . l 7 5 = 0.57 tha t of the q u a d r u p o l e s , or 

The tedious coil winding for both quadrupoles and octupoles was done in the Particle Accelerator Division 
by A. W. Neubauer's group. 
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111 ampere turns per coil. For a current supply capable of furnishing a 
maximum 100 mA at 100 V, the total resis tance should ideally be 1000 or 
125 n for each of the eight coils in an octupole. Space limitations, how­
ever, required that very small fragile wire is needed. Therefore, a com­
promise was made using No. 41 tr iple-fi lm Teflon at 1600 turns per coil, 
giving a total res is tance of 455 H for a complete octupole. 

6.1.2.3 Current Stability. The focal length of the lens is dependent on the 
lens current , which must then be very stable. With an object distance of 
10 cm, the widest aperture (2-mm full width) represents an input half-angle 
of 0.01 rad. At an image distance of 3 cm, an electron at 0.01 rad angle 
undeviated by the lens would land on the specimen a distance y = 13 x 
0.01 = 0.13 cm = 13 X lO*" A from the center of the image. Therefore an 
outer ray would be bent to move this distance at the specimen for a perfecj; 
focus. Assuming y is proportional to I (the lens current), and taking 10 A 
as the maximum permit ted fluctuation (Ay), the permitted relative insta­
bility is Ay/y = Al/ l = 10/(13 x lO*") = 10"' or 1 ppm. If the aperture is 
reduced, the stability can be relaxed proportionately. 

6.1.2.4 Elect r ica l Power. At the maximum current (70 mA) in a quadru­
pole, the power is I^R = 0.070^ x 1000 = 4.9 W. In an octupole at the same 
current , the power is 0.070^ x 455 = 2.2 W, The total power required for 
two quadrupoles and three octupoles is then 16.4 W maximum. 

6.1.2.5 Encapsulation, Leads, etc. The entire pole, yoke, and coil s t ruc­
ture was isolated from the microscope vacuum by a copper container. 
Figure 14 shows how the container surrounds the magnet in the form of a 
doughnut with a center tube for the beam. Fjgure 17 shows, before a s sem­
bly, the two mating par t s that make up the container in the upper right-
and left-hand corners , and the bent tube that ca r r i e s the wires to the out­
side in the right-hand center of the photo. After assembly, the two joints 
were welded by an electron beam. (One joint is at the outer circumference, 
and the other is where the central tube goes through a hole in the end of the 
outer can.) The bent tube adapter was first welded into a hole in the end of 
the outer can. The completed magnet is shown in Fig. 19. 

The coils in each quadrupole and octupole were connected in ser ies 
by welding with a very small torch and then coating the weld and adjacent 
wire with Sauereisen (a ceramic- l ike insulating mater ia l after it hardens). 
A pair of leads connect to each multipole, making a total of 10 wires to the 
outside The container was evacuated, dry nitrogen was admitted, and the 
tube containing the leads was sealed with an epoxy resin forming a plastic 
plug through which the leads enter the tube. This was done to prevent 
rusting of the magnet poles. 

The lead-carrying tube has a small flange at the outer end that 
allows a copper ring gasket to seal the flange against the microscope 
chamber wall where the wires go through to the outside. 
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Fig. 19 
Encapsulated Magnet. 
ANL Neg. No. 143-2425. 

6 . 1 . 3 O p e r a t i o n a n d P e r f o r m a n c e 

F o c u s i n g t h e b e a m w a s q u i t e s t r a i g h t f o r w a r d , d e s p i t e t h e f a c t t h a t 

two p o w e r s u p p l i e s , o n e f o r e a c h q u a d r u p o l e , r e q u i r e d a d j u s t m e n t . T h e o p ­

e r a t o r o b s e r v e d t h e i m a g e o n t h e s t o r a g e C R T w h i l e t h e c u r r e n t s v/ere a d ­

j u s t e d . T h e r e w a s s o m e i n t e r a c t i o n b e t w e e n t h e t^vo s u p p l i e s ^vith r e s p e c t 

to i m a g e c l a r i t y . A f e w a l t e r n a t i o n s i n a d j u s t m e n t b e t w e e n s u p p l i e s w e r e 

n e c e s s a r y . F o r v e r y f i n e f o c u s i n g , t h e l i n e - s w e e p d i s p l a y w a s u s e d ( S e c ­

t i o n 3 . 3 . 5 ) . 

H y s t e r e s i s i n t h e m a g n e t p o l e s w a s a p p a r e n t l y q u i t e s m a l l , s i n c e 

i n c r e a s i n g o r d e c r e a s i n g a d j u s t m e n t s c o u l d b e m a d e n e a r t h e f o c u s w i t h 

n e a r l y i d e n t i c a l s e t t i n g s . 

T h e o c t u p o l e s w e r e t u r n e d o n o n l y a f t e r t h e b e s t p o s s i b l e r e s o l u t i o n 

w a s a t t a i n e d w i t h t h e q u a d r u p o l e s a l o n e . A n i m p r o v e m e n t i n r e s o l u t i o n w a s 

a p p a r e n t . H o w e v e r , t h e u l t i m a t e r e s o l u t i o n w a s l i m i t e d b y t h e i n h e r e n t d e ­

s i g n of t h e q u a d r u p o l e s a n d i n p r a c t i c e w a s 6^ = 4 5 0 A a n d 6y = 150 A, p a r t 

of w h i c h w a s d u e t o a b e r r a t i o n s i n o t h e r c o m p o n e n t s of t h e m i c r o s c o p e ( S e c ­

t i o n 6 . 1 . 4 ) . 

^•1-4 C o m p u t e r A n a l y s i s P e r f o r m e d b y M e a d s a n d C o h e n 

A d i g i t a l - c o i m p u t e r p r o g r a m f o r a n a l y z i n g t h e l i n e a r b e a m p r o p e r t i e s 

and t h i r d - o r d e r a b e r r a t i o n p r o p e r t i e s of q u a d r u p o l e - -IIT:-- ; ' ,•: -.n"- - • ' , , 
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was d e v i s e d by M e a d s . ' " Th rough the a s s i s t a n c e of David Cohen* in i n t e r ­
p r e t a t i o n and a n a l y s i s of the c o m p u t e r r e s u l t s , a se t of r e s o l u t i o n - c a p a b i l i t y 
v a l u e s was ob ta ined for the o r i g i n a l m a g n e t i c q u a d r u p o l e - o c t u p o l e l ens bui l t 
for the m i c r o s c o p e . 

S u m m a r i z i n g the r e p o r t , the b e s t p o s s i b l e r e s o l u t i o n in two^or thog-
onal d i r e c t i o n s c o r r e s p o n d i n g to the pole gap c e n t e r s a r e 6^ = 80 A and 
6y = 57 A, a l lowing for 30% u n c e r t a i n t y due to s o u r c e - a n g l e d i s t r i b u t i o n . 
A m o d e r a t e end - f i e ld g r a d i e n t was a s s u m e d . H o w e v e r , th i s a s s u m p t i o n i s 
not c r i t i c a l , s i nce the w o r s t coeff ic ient in the s e r i e s (in the s p h e r i c a l a b e r ­
r a t i o n in the y d i r e c t i o n ) c h a n g e s l e s s than a f ac to r of 2 in going f r o m an 
inf in i te ly s h a r p cutoff to a v e r y b r o a d g r a d i e n t . The c a l c u l a t i o n s a s s u m e d 
30-keV e l e c t r o n s and 1200-V tip b i a s . 

o 

The e x p e r i m e n t a l v a l u e s of b e s t r e s o l u t i o n w e r e 6x = 450 A and 
by - 150 A. T h e s e f i g u r e s inc lude o the r a b e r r a t i o n s in the m i c r o s c o p e , 
such a s anode d e f e c t s , p o s s i b l e r o t a t i o n a l m i s a l i g n m e n t be tween q u a d r u ­
p o l e s , and e n d - s h i e l d e f fec t s , but the ac tua l c a u s e s of the wide d i s c r e p a n c y 
f r o m t h e o r y a r e not known. 

A n a l y s i s of the p r e s e n t l ens by v a r y i n g p a r a m e t e r s in the c o m p u t e r 
p r o g r a m i n d i c a t e d that the change in des ign tha t would give the m o s t gain 
in r e s o l u t i o n would be to m a k e the po l e s longer ax ia l ly whi le r e t a i n i n g the 
o t h e r d i m e n s i o n s . 

6.1.5 D e g a u s s e r 

The p o s s i b i l i t y of r e s i d u a l magnet i s r r i p roduc ing unba lanced h y s t e r ­
e s i s c u r v e s in d i f fe ren t po l e s m a d e it d e s i r a b l e to have a p r o c e d u r e for de ­
g a u s s i n g the q u a d r u p o l e s and o c t u p o l e s . A c i r c u i t was des igned by 
E. W. J o h a n s o n and h i s g roup in the E l e c t r o n i c s Div is ion to c a r r y t h rough 
th i s p r o c e d u r e a u t o m a t i c a l l y upon c o m m a n d . 

The p r o c e d u r e was b a s e d on applying an o s c i l l a t i n g c u r r e n t to the 
m a g n e t , the c u r r e n t wave a m p l i t u d e i n c r e a s i n g to a m a x i m u m and d e c r e a s i n g 
a g a i n to z e r o . The m a x i m u m a m p l i t u d e was such that the m a g n e t i s m at the 
c e n t e r of the pole c o r e was at l e a s t a s high a s it e v e r r e a c h e d in i t s h i s t o r y . 
At 0.067 Hz, the p e n e t r a t i o n depth is such that the c o r e r e a c h e s 90% of i t s 
s u r f a c e v a l u e . T h u s , wi th 100 m A o p e r a t i n g c u r r e n t , the d e g a u s s i n g c u r r e n t 
should be 100 /0 .90 = 1 1 1 m A to e n s u r e that the c e n t e r r e a c h e s the m a x i m u m 
o p e r a t i n g va lue of m a g n e t i s m . The change in c u r r e n t be tween c y c l e s was 
a r b i t r a r i l y c h o s e n to be about 3% of m a x i m u m . T h e r e f o r e , the uni t was de ­
s igned to p r o v i d e 30 l i n e a r l y i n c r e a s i n g and 30 d e c r e a s i n g o s c i l l a t i o n s , 
r e a c h i n g a m a x i m u m c u r r e n t of 111 mA, E a c h o s c i l l a t i o n t a k e s 1/0.067 = 
15 s e c , m a k i n g the t i m e for a d e g a u s s i n g p r o c e d u r e 15 min . 

*Particle Accelerator Division of Argonne National Laboratory, now at Massachusetts Institute of Tecllnology. 
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The o s c i l l a t i o n s and the changing a m p l i t u d e s w e r e g e n e r a t e d by r o ­
tat ing p o t e n t i o m e t e r s d r i v e n by a s y n c h r o n o u s m o t o r t h r o u g h a p p r o p r i a t e 
gea r ing . I n t e r l o c k s w e r e p rov ided to avoid b r e a k i n g the c i r c u i t to the m a g ­
net co i l s with power on, to p r e v e n t p u n c t u r e of the i n s u l a t i o n by an i nduc t ive 
po ten t ia l . 

E x p e r i e n c e with the m i c r o s c o p e soon ind i ca t ed tha t d e g a u s s i n g w a s 
u n n e c e s s a r y s ince no d e t e c t a b l e i m p r o v e m e n t in i m a g e qua l i t y w a s ev iden t 
f rom using th i s p r o c e d u r e , and c u r r e n t se t t ings w e r e qui te c l o s e l y r e p e a t -
able for ach iev ing s i m i l a r l y r e p e a t a b l e i m a g e s , ind ica t ing tha t h y s t e r e s i s 
effects w e r e s m a l l . Also , the i n t e r l o c k s w e r e soon abandoned , s i n c e no 
ev idence of punc tu r ing a p p e a r e d f r o m swi tching the c u r r e n t s u p p l i e s off 
during ope ra t i on . 

6.2 Annular L e n s 

An a l t e r n a t e lens was p u r c h a s e d for c o m p a r i s o n with the q u a d r u p o l e 
s y s t e m in the m i c r o s c o p e . F o r the d i m e n s i o n s and o p e r a t i n g cond i t i ons in­
volved, an RCA E M U - 3 G i n t e r m e d i a t e l ens a p p e a r e d to be the m o s t s u i t a b l e . 
Some of the p a r a m e t e r s of th is lens a r e : 

B o r e d i a m e t e r 1.016 c m 

P o l e gap 0.762 c m 

Coil t u r n s 23,000 ± 20 

C u r r e n t m a x i m u m 70 m A 

6.2.1 Redes ign 

It was n e c e s s a r y to s e a l the l ens for use in the u l t r a h i g h v a c u u m . 
Holes w e r e welded shut and a t w o - l e a d h e r m e t i c a l l y s e a l e d f e e d t h r o u g h was 
b e a m - w e l d e d to the m a g n e t c a s e , af ter the co i l w i r e s w e r e b r a z e d to the 
feed throughs . 

This lens was not o r i g i n a l l y bui l t for s e r v i c e a s a h i g h - r e s o l u t i o n 
focusing dev ice , and the b e s t r e s o l u t i o n ob t a inab l e a t f i r s t was of the o r d e r 
of 200 A. The o b s t a c l e s in a t t e m p t i n g to use t h i s l en s for high r e s o l u t i o n 
a r e (1) p o l e - p i e c e t o l e r a n c e s a r e too l a r g e , (2) the m a g n e t i c f ie ld i s too 
low, but it cannot be i n c r e a s e d b e c a u s e the co i l would o v e r h e a t , (3) the c r o s s 
sect ion of i r o n in the m a g n e t i c c i r c u i t i s too s m a l l , and (4) the gap b e t w e e n 
pole p iece and yoke is too n e a r the p o l e s . 

The f i r s t i m p r o v e m e n t on the l ens w a s to p o l i s h the pole b o r e s and 
make them c i r c u l a r to ±2.5 m i c r o n s . Th i s i n c r e a s e d the r e s o l u t i o n by about 
a factor of 2. L a t e r , modi f ied po l e s with s h o r t e r m a g n e t i c gap and s m a l l e r 
d i ame te r w e r e i n s t a l l ed . 
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6.2.2 Results 

Since annular lenses have been subject to exhaustive study, the char­
acter is t ics of this one could be calculated and the image quality predicted. 
The resolution attained with the modified lens was about 40 A, which was in 
accord with the predicted best value, taking into account aberrations gener­
ated by the anode. 

6.3 Electrostat ic Quadrupoles 

The quadrupole concept was extended to a design using electric fields. 
The poles a re spherical ends, 3.175 mm in radius, on a rod and spaced 
2.781 mm from the pole to the axis of the lens. The two quadrupoles are 
spaced 2.388 cm center - to-center along the axis. The poles are made of a 
7% aluminum, 4% molybdenum alloy of titanium to reduce arcing possibili t ies 
(Section 5.3.1.3). 

The theory is essentially the same as that of the magnetic quad­
rupoles, except that the forces are due to electric instead of magnetic 
fields and the radii of maximum effect are those in line with the poles in­
stead of those in the gaps. No octupole correctors were included. 

Construction design features a stacked set of quartz insulators and 
metal parts (shown in Figs. 20-22). The poles are clamped in channels of 
two mating quartz rings and were spaced to the proper position radially by 
adjusting the length of each pole piece so that the doughnut shield on the out­
side end of the pole is firmly against the quartz (as shown in Fig. 22). Since 
all mater ia ls were compatible with ultrahigh vacuums, the lens was not 

r^Mr^^~^^n 
QUADRUPOLE 

-^ELECTRODES 

Fig. 20. Electrostatic-lens Cross Section. ANL Neg. No. 201-7403. 
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Fig. 21. Electrostatic-lens Components. ANL Neg. No. 210-1072. 

Fig. 22. Electrostatic Lens Assembled. 
ANL Neg. No. 210-1073. 

e n c a p s u l a t e d . The m a x i m u m p o t e n t i a l s 
r e q u i r e d be tween po l e s i s about 4 kV for 
30 keV e l e c t r o n s and t h e s e w e r e suppl ied 
by c o m m e r c i a l w e l l - r e g u l a t e d s o u r c e s . 

This s y s t e m was u s e d in the m i ­
c r o s c o p e for about a m o n t h , d u r i n g which 
t i m e it was d e t e r m i n e d tha t the b e s t r e s ­
olut ion a t t a i n a b l e was of the o r d e r of 

o 

200 A. Meanwhile, the Meads-Cohen 
analysis of the magnetic quadrupoles (dis­
cussed in Section 6.1.4) showed them to 
have a maximum resolution capability of 
this order, and since the electrostat ic 
system dimensions were roughly similar, 
it was probably incapable of much better 
resolution. The RCA lens modifications 
(Section 6.2.1) had been completed by this 
time, so no further work was done using 
the electrostat ic quadrupoles. 

6.4 Single-field Condenser-Objective Lens 

Fur ther improvement in resolution 
beyond that of the original quadrupoles and the RCA intermediate lens de­
pended on installing a short-focal-length (~2 mm) high-quality lens similar to 
objective lenses in conventional electro'n microscopes. Commercial objec­
tive lens are too large to fit into the space available in this microscope, how­
ever. It has been shown^'^ that a single-field condenser objective, with the 
specimen in the central field, is capable of resolution several t imes bet ter than 
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conventional systems with the specimen external to the field. Or, for a given 
resolution, the bore and gap can be made larger, thus reducing ast igmatism. 
These lenses have not been used, because of their greater complexity, and 
because other limitations to resolution in microscopes would mask the gain 
achieved by the lens. Improvement in the other limitations recently has 
made the single-field condenser objective lens look attractive. Therefore 
this type of lens was selected for the next stage of improvement in this 
microscope. 

6.4.1 Design 

Some essential pa ramete rs applicable to the dimensions in this mi­
croscope were supplied by Reisner . ' The parameters and optical proper t ies 
based on a bore and gap each 7.6 mm (these values were reduced in the final 
version) are: 

25 kV 50 kV 

Spherical-aberrat ion constant, Cg, mm 
Image spread, 6 / A , A 
Focal length, f, mm 
Specimen location, Zc, mm 
Ampere turns, NI 

The values given for Zo mean that the specimen location will be approxi­
mately that distance from the geometrical center, toward the gun. With the 
coherence of a cold-emission source, the value of A in the equation 6/A = 
Cs^'*\^'* can approach the theoretical value 0.43, thus bringing the actual 
image spread 6 down to ~4 A. * 

In the actual lens, the bore and gap were each reduced to 3 mm as a 
result of miniaturizing the specimen-handling apparatus (Section 10.4) to 
reduce further the aberrat ion spread. The shorter focal length requires a 
higher flux concentration in the poles-- i t may reach 25 kG--and for that 
reason the magnetic circuit was made of Permendur. This alloy of nearly 
half iron and half cobalt has a saturation flux around 25 kG. 

6.4.2 Construction 

0.85 

7.9 
2.2 

- 1 . 7 
6400 

0.93 
6.2 
2.4 

- 1 . 1 
6400 

A single billet of Permendur was used for the entire magnetic s t ruc­
ture with all pieces in the finished magnet located in the same relative posi­
tions as they were in the billet. After all the basic machining was finished, 
the final lapping and finishing of the pole bores and gap surfaces was done by 
a f i rm specializing in precision work. (Surface Finishes, Inc., 133 Official St., 
Addison, 111.) The bore was finished to a circulari ty of at least 0.00002 in., 
and the faces to a sinnilar flatness. 

Figure 23 shows a cross-sect ional drawing of the magnet. The beam 
• • ^':,: -oil is divided into two similar halves, an upper and a 

- ,,-j the pole-gap plane for specimen-handling apparatus. 
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Each coil is sealed inside a copper jacket to isolate it from the 
vacuum (as shown in Fig. 24). The res t of the magnet is not cased. The 
jacket is made of copper with 3.2-nnm-thick walls, except on one end where 
a folded-spiral cooling channel is milled. A flat cover is placed over the 
channels and brazed to the case at the outer and inner circumferences. An 
inlet and outlet tube is then brazed on. Leakage from one channel to the 
next can occur, but the fit is good enough to make this a negligible factor 
in cooling efficiency. The heat generated may be as much as 60 W in each 
coil, thus making water cooling necessary. Each coil consists of 1300 
turns of No. 18 Formvar- insula ted wire. 

6.4.3 Character is t ics 

Each encased coil alone has a resistance of ~8 H at room tempera­
ture. With 2 A current , the temperature reaches ~55°C after several hours 
in open air . 

The magnet was finished and installed after the project terminated 
at ANL. Reports on initial operation indicate that 15 to 20 A resolution 
had been reached. 
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7. STIGMATORS 

One of the more serious aberrat ions occurring in lenses is asym­
metr ical focusing resulting from defects in lens construction and mater ial . 
Corrections are made in the electron beam by means of st igmators. In 
conventional electron microscopes, these devices are of several forms, a 
circular a r ray of soft-iron screws that can be adjusted, an ar ray of elec­
trostatic poles around the beam that have individually adjustable potentials 
applied to them, or magnetic fields that can be varied by means of currents 
supplied to coils. 

The first stigmator made for this microscope was an electrostat ic 
unit. It was followed by a magnetic one consisting of a set of coils sur­
rounding the electron beam so that a magnetic field is produced t ransverse 
to the beam with continuously variable intensity and continuously variable 
direction for the full 360° around the beam. 

7.1 Electrostat ic Stigmator 

The first stigmator was an eight-pole unit with potentials up to sev­
eral hundred volts applied to them in a sine configuration. That is , as one 
traveled around the electron beam from pole to pole, the potentials seen 
would be in the proportions 0, 0.707, 1, 0.707, 0, -0.707, - 1 , -0.707. The 
potentials were supplied through ganged sine-dosine potentiometers fed 
from common positive and negative potential sources. Varying the source 
potentials permit ted the electric fields to be raised or lowered without 
changing the phase (angular position around the beam). The phase was 
changed by turning the sine-cosine potentiorrieters. 

Mechanically, the system consisted of 0.048-in.-diam Inconel-X rods 
arranged in a cylindrical pattern l /4 in. in diameter. The effective length 
of the rods was 0.689 in., the res t of the rods and connections being shielded 
from the beam by a metal tube just inside the rod array. There were two 
such sets , the upper one located just below the accelerating anode and the 
lower one reaching into the magnetic lens (RCA intermediate) gap just 
above the immersed specimen (discussed in Section 10.3). 

These pins served a dual function, the other one being deflection 
electrodes (as discussed in Section 8.2.4). The deflection sweep potentials 
were superposed, by capacitor coupling, on the stigmator potentials, which 
were directly connected to the poles. 

This system worked fairly well, but had two drawbacks, both r e ­
sulting in some image distortion. One defect was due to interaction and 
summation of the superposed potentials; the other was due to the shape of 
the fields produced by thin, widely spaced rods. 
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7 .2 M a g n e t i c S t i g m a t o r 

T h e e l e c t r o s t a t i c s t i g m a t o r w a s 

s o o n r e p l a c e d b y a m a g n e t i c s t i g m a t o r i n 

w h i c h t h e d e f l e c t i o n f u n c t i o n w a s s e p a r a t e d 

f r o m t h a t of t h e s t i g m a t o r . 

7 . 2 . 1 D e s i g n of O r i g i n a l U n i t 

T h e m a g n e t i c s t i g m a t o r c o n s i s t s of 

e i g h t c o i l s s u r r o u n d i n g t h e b e a m w i t h t w o 

s e p a r a t e w i n d i n g s . B o t h w i n d i n g s a r e i n 

e a c h of t h e e i g h t s l o t s ( a s s h o w n i n F i g . 2 5 ) . 

T h e l a y of t h e w i n d i n g i s s u c h t h a t e v e r y 

e n d c u r r e n t a c r o s s a p o l e i s c o m p e n s a t e d 

b y a n e q u a l a n d o p p o s i t e c u r r e n t a c r o s s 

t h a t p o l e , a l t h o u g h t h e w i r e s m a y n o t a l w a y s 

l i e o n t h e s a m e e n d of t h e p o l e . T h e s t i g ­

m a t o r i s l o c a t e d b e t w e e n t h e t w o s e t s of 

d e f l e c t i o n c o i l s , a x i a l l y . 

Fig. 25. Stigmator- and Deflection-coil 
Layout. ANL Neg. No. 143-2768. 

T h e w i n d i n g a r r a n g e m e n t p r o d u c e s 
e s s e n t i a l l y f o u r m a g n e t i c p o l e s , w h i c h , b y 
c h a n g i n g t h e r a t i o b e t w e e n c u r r e n t s i n t h e 
t w o w i n d i n g s , r o t a t e a r o u n d t h e a x i s . F r o m 
F i g . 2 5 , \ v i t h e q u a l c u r r e n t s i n t h e t w o 
w i n d i n g s , d e c r e a s i n g c u r r e n t S - 5 t o z e r o 
m o v e s t h e c e n t e r of t h e m a g n e t i c p o l e 22-2° 

to the r i g h t (ha l f t h e d i s t a n c e b e t w e e n s l o t s ) . A s c u r r e n t S - 5 i s i n c r e a s e d t o 
i t s o r i g i n a l v a l u e b u t i n t h e o p p o s i t e d i r e c t i o n , t h e p o l e m o v e s a n o t h e r 2 2 ^ ° 
to t h e r i g h t . T h i s p r o c e s s c a n b e c o n t i n u e d t o r o t a t e t h e f i e l d t o a n y p o s i t i o n . 
T h e f i e l d i n t e n s i t y i s v a r i e d b y i n c r e a s i n g o r d e c r e a s i n g b o t h c u r r e n t s s i ­
m u l t a n e o u s l y a n d i n t h e s a m e p r o p o r t i o n s . 

T h e c u r r e n t s a r e s u p p l i e d t h r o u g h g a n g e d s i n e p o t e n t i o m e t e r s s o t h a t 

one k n o b r o t a t e d t h r o u g h 360° p r o d u c e s 3 6 0 ° n n a g n e t i c r o t a t i o n . A n o t h e r k n o b 

c o n t r o l s c u r r e n t t o t h e s i n e p o t e n t i o m e t e r s a n d t h e r e f o r e c o n t r o l s t h e f i e l d 

i n t e n s i t y w i t h o u t a f f e c t i n g t h e a n g u l a r p o s i t i o n of t h e f i e l d . T h e m a x i m u m 

c u r r e n t s u s e d a r e i n t h e o r d e r of a f e w m i l l i a m p e r e s . 

T h e c o r e s f o r s t i g m a t o r a n d d e f l e c t i o n c o i l s a r e m a d e of o n e p i e c e of 

I n c o n e l , w h i c h i s n o n m a g n e t i c ( s e e F i g . 2 6 ) . T h e s t i g m a t o r c o r e i t s e l f i s 

0 .400 in . d i a m e t e r a n d 0 . 8 7 5 i n . l o n g . S i n c e t h e s t i g m a t o r f i e l d s r e q u i r e d 

a r e q u i t e s m a l l , e a c h c o i l c o n s i s t s of j u s t o n e t u r n of N o . 2 4 S u p e r T e m p 

T y p e E T e f l o n - c o v e r e d w i r e . 

7 .2 .2 R e s u l t s 

T h e s t i g m a t o r e f f e c t s o n t h e i m a g e r e s o l u t i o n a r e q u i t e m a r k e d . I t 

i s p o s s i b l e t o r e m o v e n e a r l y a l l t h e s t i g m a t i c d e f e c t 

file:///vith
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a s the p r e s e n t r e s o l u t i o n (~40 A) shows . O p e r a t i o n is s i m p l e with two con­
t r o l s , one for p h a s e (field d i r e c t i o n ) and one for in t ens i ty . 

Fig. 26. Core for Stigmator and Deflection Coils. ANL Neg. No. 143-2688. 

7.2.3 C o n d e n s e r - O b j e c t i v e L e n s Unit 

A s t i g m a t o r - d e f l e c t i o n unit was bui l t for the h i g h - r e s o l u t i o n l e n s , 
tha t was qu i t e s i m i l a r to the p r e v i o u s one (Sect ion 7.2.1) , excep t t ha t i t i s 
s m a l l e r in o r d e r to fit into the s p a c e ava i l ab l e . The s t i g m a t o r c o r e i s 
about 3 /8 in. in d i a m e t e r and 13/16 in. long. 



66 

8. DEFLECTION 

Since the microscope discussed in this report is a scanning-type 
device, an important part of the system is a means of moving the beam 
image in a ras te r pattern on the specimen. In addition to the usual requi re ­
ments of linearity and stability in the sweep, there must be very little effect 
on the beam spot size. 

8.1 Requirements 

The display tube can show a picture 15 by 15 cm in size. The initial 
resolution planned was 10 A, which should be readily distinguishable if 
spread over ~1 mm on the picture. Therefore the minimum scan was chosen 
to be 1000 A, giving a spread on the picture tube of 1.5 mm/lO A for a mag­
nification of 1,500,000. At the minimum design magnification of 1,500, the 
specimen scan is 0.1 by 0.1 mm. 

8.2 Electrostatic Deflection 

Initially, electrostatic deflection was chosen over magnetic deflection 
for several reasons: (1) Sweep potentials were available from the storage 
display tubes, which use electrostatic deflection, (2) plates for deflection are 
geometrically simple and straightforward to fabricate, (3) phase distort ionis 
not a difficulty, (4) frequency changes can be made more readily, (5) magni­
fication changes are simple, and (6) digitizing the scan might be simpler. 

8.2.1 Original Set 

The first set of plates was mounted in two pa i rs , the pai rs being sep­
arated axially along the beam. Each flat rectangular plate, made of Type 304 
stainless steel, has a length along the beam axis of 5 mm. The gap between 
plates is 2 mm, and their width t ransverse to the beam axis is 21 mm. They 
are polished flat to ~0.05 mil. The first pair was centered 17.5 mm above the 
specimen, and the second pair 7.5 mm from the specimen. Thus for a square 
raster, the first pair requires less than half the deflection potentials required 
by the second. 

The plates are supported on Pyrex insulators . 

8.2.2 Single-level Set 

To shorten the lens focal length, the length of the deflection system 
had to be reduced if it remained between the lens and the specimen. Aquartz 
support holding four Inconel plates arranged to form a square around the 
beam axis was used. Because of distortion with large sweeps in this a r ­
rangement, it was soon replaced with a short-plate shielded set. 
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8.2.3 Short-plate Shielded Set 

To reduce distortion from fields between sets of plates, a deflection 
system was designed with shields on both ends of the system as well as 
between the plate pa i rs . The design was based essentially on the published 
work of Cooper ." The resulting system has plates 2.5 mm long axially 
with the beam, with a gap of 1 mm, and spacing between pa i rs , axially, of 
1.5 mm. The center shield of 0.75-mm-thick Inconel is centered in the 
1.5-mm space between pa i r s , leaving a space of 0.375 mm from shield to 
plates. The bottom shield of 0.5-mm-thick copper is similarly spaced 
0.375 mm from the plates; the top shield is an aperture 2 mm away. The 
center and bottom shield have beam aper tures 0.5 mm square. 

8.2.4 Stigmator-Deflector Unit 

This unit used the stigmator rods as deflection plates by superposing 
the deflection sweep potentials on the steady stigmator potentials. (The sys­
tem is described in more detail in Section 7.1.) Deflection potentials could 
be put on either set of st igmators, or both for double deflection. However, 
the unit was soon replaced by a magnetic stigmator and deflection unit 
(discussed in Sections 7.2 and 8.3) because of distortions produced by poten­
tial interactions and by the shape of the deflection rods as deflection plates. 

8.3 Magnetic Deflection 

A magnetic-deflection system was designed that separates the de­
flection and stigmator sections (discussed in Section 7.2). The coil sche­
matic layout is shown in Fig. 25, and the core is shown in Fig. 26. The two 
sets of coils provide for double deflection. 

8.3.1 Double Deflection 

A double-deflection system was chosen to avoid producing distortion 
in the beam image. The first set of coils bends the beam away from the axis. 
The second set re turns the beam toward the axis, which it c rosses at the 
center of the magnetic field in the pole gap. The beam therefore pivots about 
the center of the magnetic field and thus avoids much of the aberrat ion pro­
duced when the beam goes through the field away from the axis. 

8.3.2 Original Design 

The upper core is 17/32 in. in diameter and 11/16 in. long; the lower 
one is about 3/8 in. in diameter and 7/8 in. long. Each coil consists of one 
turn of No. 24 Super Temp Type E Teflon-covered wire. Each slot contains 
one wire from each of two adjacent coils. Coils and core are open and ex­
posed to the vacuum. 
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Transistor converters were built to transfer potential sweep inputs 
(from the storage CRT sweeps) into linear current outputs for the coils. 

8.3.3 Condenser-Objective Lens Unit 

A stigmator-deflection unit was built for the high-resolution lens, 
that was quite similar to the previous one (see Section 8.3.2), except that it 
is smaller to fit into the space available. The system uses double deflec­
tion with the stigmator between the two sets of deflection coils. Each core 
is about 3/8 in. in diameter and I3/16 in. long. 
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9. APERTURES 

9,1 Crossed Slits 

The initial set of beam aper tures , located between the accelerating 
anode and the lens, consisted of two sets of slits, movable at right angles to 
each other. The slits were 2 mm wide and 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 1, 
and 2 mm long. Thus a set of square aper tures and a variety of rectangular 
aper tures could be made and positioned anywhere in the beam cross section. 

The slits were made in sheets of 0.25-mm-thick platinum by an elec­
tric discharge erosion method (Elox). Each of the two slit a r rays was posi­
tioned through a bellows feedthrough and screw with dials marked to show 
intervals of 0.001 in. (Varian 954-5049). 

Beam-intensity profiles were made by moving the finer slits through 
successive positions and measuring the intensity at the detectors. 

9 2 Lower Circular Series 

Later a set of six circular apertures was designed for placement in 
the lower par t of the beam, between the lens and the deflection plates. This 
change in placement was done for two reasons, to see if electrons scattered 
in the upper part of the beam could be more effectively blocked, and to make 
the space occupied by the slit system available for other pieces of equipment 
(stigmator). 

The aperture holder was designed to hold commercial electron micro­
scope aper tures , which could then be readily'changed, and removal for clean­
ing was quite easy. 

The same feedthroughs that originally operated the slits were used to 
position the lower aper tures at somewhat increased complexity in lever 
mechanisms, because the slit movements were in a different plane from that 
of the feedthrough motions. The aper tures were in a row along a slide that 
was pushed or re t rac ted by one feedthrough. The slide fit loosely in its 
groove with l / l 6 in. side clearance. A spring pushed on one side of the 
slide against a push a rm on the other (actually positioned at 45° angle to the 
slide). The push a rm was moved by the second feedthrough, thus providing 
a lateral centering adjustment for the aper tures . 

The slide holder, with grooves for slide and push arm, was made of 
fused quartz, which was also the insulator for the single-level deflection 
plates. The other par ts near the electron beam were of Inconel, beryll ium 
copper, or molybdenum. Platinum aper tures 0.04 mm thick and 3 mm in 
diameter were used. 
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9.3 Other A p e r t u r e s 

9.3.1 F ixed Upper B e a m 

After the s l i t a p e r t u r e s w e r e r e m o v e d f r o m above the l ens and c i r ­
cu l a r a p e r t u r e s w e r e i n s t a l l ed below, a fixed a p e r t u r e was p l a c e d above the 
lens to b lock s e c o n d a r y s c a t t e r e d e l e c t r o n s . S e v e r a l hole s i z e s w e r e u s e d , 
the l a r g e s t being l / S in. in d i a m e t e r . They w e r e m a d e of 0 . 4 0 - m m - t h i c k 
molybdenum. The r e a s o n for us ing m o l y b d e n u m i s that it can be c l e a n e d 
eas i ly by hea t ing to r e d n e s s in a v a c u u m and then i n s t a l l e d in the m i c r o ­
scope without s e r i o u s oxidat ion. M e t a l ox ides a s we l l as o r g a n i c c o n t a m ­
inan ts can d e t e r i o r a t e the e l e c t r o n - b e a m p a t t e r n by co l l ec t i ng and r e t a i n i n g 
c h a r g e s . 

9.3.2 S p e c t r o m e t e r E n t r a n c e 

A m e c h a n i s m for i n s e r t i n g and a l igning v a r i o u s a p e r t u r e s b e t w e e n 
the s p e c i m e n and the s p e c t r o m e t e r has b e e n bui l t , m a i n l y for s tudying the 
focusing and a b e r r a t i o n c h a r a c t e r i s t i c s of the s p e c t r o m e t e r . Long i tud ina l 
ad jus tment i s th rough a s c r e w and be l l ows ; l a t e r a l a d j u s t m e n t i s m a d e 
through the s a m e be l lows by push ing the o u t e r end s i d e w a y s , p r o d u c i n g 
l a t e r a l m o v e m e n t of the a p e r t u r e by the l e v e r ac t i on of the a p e r t u r e s l ide 
around a pivot . This m e c h a n i s m i s i n s t a l l e d and o p e r a t e d t h r o u g h the p a r t 
f o r m e r l y used for moving the 45° m i r r o r . The l a t t e r w a s r e m o v e d s ince 
t he re has been no o c c a s i o n r e c e n t l y for s ight ing up the b e a m a x i s . 

The ho lde r i s des igned for five 3 . 1 7 5 - m m - O D a p e r t u r e i n s e r t s 
and has one open pos i t ion . 
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10. SPECIMEN HANDLING 

Specimen facilities are fairly straightforward in design with a two-
gate air lock for inserting and removing the specimen, and with means for 
moving the specinnen in two mutually normal directions in the focal plane. 
One unique design requirement was that of providing a gate that could be 
operated easily and yet make an effective seal for the ultrahigh vacuum in 
the microscope. 

10.1 Original Specimen Holder 

Standard 3.05-mm-diam specimen grids are used in a tapered grid 
holder, which sets in a movable block. The block is pushed by means of 
two bellows-type feedthroughs, at right angles to each other, for positioning 
the specimen in the electron beam. Two spring-loaded bumpers push the 
block firmly against the two feedthrough pushers so that it is firmly held 
in any position. The weight of the block and accessor ies holds it down on 
its bearing plate. When specimens are changed, this block is pulled out 
into the air lock. 

10.2 Changer System 

The air lock consists of a chamber with a clamped lid and a Viton 
O-ring seal on top, through which the specimen holder is lifted in or out, 
a gate valve on the side through which the specimen block is inserted or 
removed, a push rod for pushing or pulling the block, and a tube for evac­
uating the chamber. 

The top lid is c ircular and seals a 32*-mm-diam hole through which 
the tapered specimen holder is lifted by means of a special forceps. The 
lid is held in place by a U-shaped clamp and tightening screw. 

The gate seals against the main chamber body by using a Viton 
O-ring gasket. (This and the two light pipe gaskets are the only organic 
gaskets in the ultrahigh vacuum; all the res t are of metal.) To get ade­
quate gasket p re s su re for the seal, the gate was made of two heavy layers 
with a cam between them. When the cam is turned, the outer layer is 
blocked against a flange inside the chamber, thus forcing the inner layer 
against the seal ring. When the cam is released, the entire gate can be 
pulled down out of the way of the opening. Both operations, turning the 
cam and pulling the gate, are done with one handle with an operating rod 
through the lock chamber wall using an O-ring seal. This gate has proven 
to be quite reliable in use. 

The push rod for inserting or removing the specimen block also 
slides and turns through an O-ring seal and has a key on the end which 
can engage a slot on the block. 
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The chamber is evacuated through a nominal 3/4-in. copper tube 
leading to the manifold connected to the sorption roughing pumps. The 
chamber can therefore be brought down to the roughing pump p re s su re , 
about 0.001 Torr. 

Little effort was made to optimize the specimen-changing time and 
method, since this was not important in the early development stages of 
the microscope and was therefore left to be redesigned after the micro­
scope had reached its basic design objectives. 

10.3 Immersed Specimen 

Using the RCA intermediate lens for focusing the beam reduced the 
lens focal distance and made considerable diminution of beam spot size 
possible. This meant removing the deflection plates and substituting de­
flection coils above the lens poles. (This was done in conjunction with, 
first, an electrostatic stigmator, and then with a magnetic st igmator, de­
scribed in Section 7.) The focal plane could readily be brought to about 
5 mm from the center of the pole gap without seriously overheating the 
magnet coils. Therefore, a specimen holder was made for inserting the 
specimen into the magnet bore. In addition, a method was devised for 
supporting the specimen holder firmly against the magnet, and isolated 
somewhat from the specimen block, the purpose being to reduce vibration 
effects producing relative motion between the specimen and the magnet. 

Raising the specimen into the magnet, after locating it under the 
magnet, is accomplished by a wedge driven from one of the original slit 
feedthroughs. The specimen can still be moved, since some clearance was 
left around the moving par ts , and the specimen holder can slide against the 
magnet bore, where it is held axially by spring compression. 

10.4 Condenser-Objective Lens Unit 

The specimen in this unit is immersed in the magnetic field in the 
lens gap. The principal feature is the miniaturization of the holder and 
adjusting mechanisms since the gap is only 3 mnn long (see Section 6.4). 
Another innovation in this unit is the provision for withdrawing the ad­
justing mechanism to reduce vibration at the specimen. Toggle-type 
bellows feedthroughs make contact with the adjusting screws in the holder 
during adjustment, but when the adjusting screws are withdrawn, the spec­
imen and holder are supported only by the lens and are not connected 
mechanically to the rest of the microscope. 

10.5 Types of Specimen , 

Since the pr imary object of the project is to develop an instrument, 
specimens were chosen to show (1) sharp edges to determine r i se t imes 
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and therefore beam image size, (2) character is t ic electron-energy absorp­
tions for studying the analyzing capabilities of the microscope, and (3) con­
t ras t in l ight-element samples without introducing foreign material 
(shadowing or staining). 

10.5.1 Aluminum 

Aluminum films of 300 to 500 A nominal thickness were used mainly 
because holes and cracks furnished abrupt edges for measuring the beam 
spot size. This is done by noting the r ise time in intensity of the pr imary 
beam through the opening in the specimen. If the sweep speed is known, 
the diameter of the beam can readily be calculated. 

In addition, variations in film thickness make a good test for observ­
ing contrast in the oscilloscope picture. 

Finally, the plasma electron absorptions at multiples of 15 eV are 
useful for observing energy analysis of transmitted electrons. Not only 
were the first three or four of these peaks observed, but the smaller peaks 
about midway between were also seen quite clearly with the microscope (as 
shown in Fig. 2). 

These films, as well as the carbon films, were prepared in the 
Metallurgy Division by D. G. Pilney and J. K. Maurin of R. K. Har t ' s group 
and F. R. Singer of K. L. Merkle 's group. A measured amount of aluminum 
wire (about 3 cm long and 0.4 mm thick) was evaporated by a heated tung­
sten wire, onto a rock salt substrate. The salt was dissolved away in water, 
leaving a floating aluminum film, which was then picked up on a specimen 
grid. The thickness was estimated by assun^ing a uniform 4TT geometry 
evaporation of the wire. 

10.5.2 Carbon 

Carbon films are somewhat similar to aluminum in that cracks and 
holes furnish edges across which the beam spot size can be measured. 
Also, variat ions in thickness supply a test for contrast in a light element 
without shadowing with heavy elements. 

In addition, the energy required to remove an inner shell electron 
is 283 eV and provides a test of the possibility of analyzing for carbon at 
that energy loss. This peak shows up quite distinctly in the energy spec­
t rum display on an oscilloscope. Also, using only electrons suffering 
283-eV loss, pictures of the specimen are displayed with good contrast . 
This picture is partially a "negative" of the one displayed by full-energy 
electrons, since thin layers produce few electrons with losses , and con­
sequently a low signal, while thicker layers produce more. Very thick 
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l a y e r s , howeve r , r e d u c e the s igna l by s h e e r a b s o r p t i o n and t h e r e f o r e a p p e a r 
da rk when v iewed by e i the r f u l l - e n e r g y or r e d u c e d - e n e r g y e l e c t r o n s . 

The f i lms w e r e p r e p a r e d by e v a p o r a t i n g c a r b o n onto a g l a s s s l ide 
p r e v i o u s l y coa ted with a thin (a few m o l e c u l e s thick) l a y e r of " J o y " s u r f a c e 
ac t ive d e t e r g e n t . When the s l ide is dipped into w a t e r , the c a r b o n f i l m f loa t s 
and is then lifted out on a s p e c i m e n gr id . 

S a m p l e s of an a l u m i n u m f i lm s p e c i m e n at s e v e r a l e l e c t r o n e n e r g i e s 

a r e shown in F ig . 27. 

10.5.3 Other S p e c i m e n s 

10.5.3.1 Teflon. S l ices m a d e by m i c r o t o m e (p rov ided by T. N. T a h m i s i a n ' s 
group in the Bio log ica l and M e d i c a l R e s e a r c h Divis ion) w e r e e x a m i n e d for 
ene rgy lo s s p e a k s , one such c u r v e being shown in F ig . 3. The c a r b o n p e a k 
loss at -290 eV is c l e a r l y evident ; the f luo r ine K - s h e l l l o s s at 687 eV is 
d i s c e r n i b l e as a d i scon t inu i ty in the c u r v e . 

10.5.3.2 Collodion. The s p e c t r u m shown in F ig . 28 has a l a r g e p e a k at the 
c h a r a c t e r i s t i c l o s s in c a r b o n and a s m a l l p e a k a t 531 eV r e p r e s e n t i n g 
oxygen. 

10.6 Effects 

10.6.1 Con tamina t ion 

In g e n e r a l , c o n t a m i n a t i o n of the specinnen w a s n e g l i g i b l e . In one 
ca se , an a l u m i n u m s p e c i m e n was u s e d on the o r d e r of 500 h r a c t u a l v iewing 
t ime and showed no change due to c o n t a m i n a t i o n . Th i s was due to the u s e of 
a vacuum in the 10" T o r r r e g i o n with h i g h - s p e e d ion p u m p s , and to c l e a n l i ­
n e s s of al l p a r t s i n s ide the v a c u u m . In one c a s e , r a p i d c o n t a m i n a t i o n was 
not iced dur ing viewing and was t r a c e d to an i n a d e q u a t e l y c l e a n e d a p e r t u r e . 

Cleaning was u sua l l y done by t ho rough r i n s i n g in F r e o n , w a t e r , e th -
anol, and, if p o s s i b l e , in an u l t r a s o n i c ba th . A p e r t u r e s w e r e u s u a l l y c l e a n e d 
by heat ing t h e m to r e d n e s s in a v a c u u m . 

10.6.2 Ul t rah igh V a c u u m 

S p e c i m e n s a p p a r e n t l y w e r e not af fec ted d i f fe ren t ly in th i s p r e s s u r e 
f rom that e x p e r i e n c e d at the m u c h h i g h e r p r e s s u r e (10"^ T o r r ) in co n v en ­
tional e l e c t r o n m i c r o s c o p e s . 

T h e r e was no a p p r e c i a b l e d i f f e r ence noted in pumpdown t i rae wi th 
an organic s p e c i m e n f r o m tha t with a l u m i n u m or c a r b o n , a l though t h i s 
opera t ion could no doubt be i m p r o v e d by s o m e r e d e s i g n of the s p e c i m e n 
changer to p r o d u c e h i g h e r v a c u u m in the a i r lock. 
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(a) Complete Spectrum (b) Carbon and Oxygen Edges 

Fig. 28. Energy Spectrum of Collodion. ANL Neg. No. 201 •7613. 

1 0 . 6 . 3 B u r n u p 

P r e l i m i n a r y c a l c u l a t i o n s m a d e b y D. D r o b n i s of t h e E l e c t r o n i c s 

D i v i s i o n i n d i c a t e d t h a t a t t h e b e a m c u r r e n t s u s e d , 10 ' " t o 1 0 " ' A a t t h e 

s p e c i n n e n , b u r n u p s h o u l d n o t o c c u r i n m o s t o r g a n i c o b j e c t s e v e n if t h e y 

w e r e of t h e o r d e r of 100 A t h i c k . 

T h i s p r e d i c t i o n w a s v e r i f i e d i n p r a c t i c e , a s t h e r e w a s g e n e r a l l y n o 

a p p a r e n t c h a n g e w i t h t h e b e a m s c a n n i n g t h e s p e c i m e n . O n e e x c e p t i o n 

n o t e d w a s a n e f f e c t of a s t a t i o n a r y b e a m on t h e e d g e of c e r t a i n h o l e s i n 

c a r b o n . P r e s u m a b l y t h e c a r b o n t h i c k n e s s t a p e r e d d o w n t o e x t r e m e l y 

s m a l l v a l u e s t h e r e . 
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11. SPECTROMETER 

The basic purpose of the microscope development being that of p ro­
viding for different contrast mechanisms and some degree of specimen 
analysis, a means of selecting electron energies is a vital part of the sys­
tem. A spectrometer design was chosen on the basis of the following 
requirements: (1) electron energy loss measurement accurately made, 
(2) reproducibility of energy loss settings, (3) stability, and (4) resolution. 

11.1 Choice of Type 

Hysteres is effects in iron were not compatible with the reproduc-
ibility-of-setting requirement; therefore the choice immediately was r e ­
stricted to an iron-free spectrometer . An electrostatic unit was chosen 
over an iron-free magnetic unit, because of the sharper definition of field 
boundaries. A spherical plate shape was selected, because the theory had 
been worked out pretty wel l , ' ^ ' " and the plates could be shaped reasonably 
easily by optical-lens grinding techniques. Since this type of spectrometer 
can be made essentially for point-to-point focusing, rather than point-to-
line in a cylindrical type, the output slit and detector could be kept small 
laterally. 

11.2 T h e o r y of Des ign 

S e v e r a l a r b i t r a r y c h o i c e s w e r e m a d e at the beginning: (1) a c e n t r a l 
ang le , or bending ang le , of 7r/2 for e a s e of m e c h a n i c a l layout of a s s o c i a t e d 
p a r t s , (2) a c e n t r a l b e a m r a d i u s of 15 cm, (3) a gap of 2 c m , and (4) a w i d t h 
of 10 c m . The s p e c t r o m e t e r g e o m e t r y is shown in F ig . 29-

Fig. 29 
Spectrometer Geometry. 
ANL Neg. No. 143-2769. 

11.2.1 P l a t e P o t e n t i a l s 

The p la te p o t e n t i a l s r e q u i r e d a r e given by 

Vi = 2E(1 - a / R i ) , 
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and 

V2 = 2E(1 - a / R j ) , 

w h e r e R, and Rj a r e the two p la te r a d i i , a i s (Ri + R2) /2 , the m i d s u r f a c e 
r a d i u s , and E is the e n e r g y of the p a r t i c l e s to be focused . In the p r e s e n t 
unit , the p a r a m e t e r s a r e 

Ri = 13.995 cm, 

R2 = 15.995 cm, 

and 

E = 50 keV nomina l . 

The po ten t i a l s r e q u i r e d a r e then 

Vi = +7115 V 

and 

V 

Fo r o the r e l e c t r o n e n e r g i e s , the p la te p o t e n t i a l s a r e p r o p o r t i o n a l to the 
ene rgy . 

11.2.2 F o c u s i n g and R e l a t i v i s t i c Defocus ing 

It can be shown'^ that for n o n r e l a t i v i s t i c p a r t i c l e s , the s o u r c e S, 
focal point F , and the c e n t e r of c u r v a t u r e O al l l ie on a s t r a i g h t l ine (as 
may be seen in F i g . 29). H o w e v e r , for e l e c t r o n s wi th v e l o c i t y v, only a 
few tenths that of the ve loc i t y of l ight , c, the s p r e a d i n g in the d i r e c t i o n 
Y of F ig . 29 a t the n o n r e l a t i v i s t i c focus can be of the o r d e r of a a , w h e r e 
a i s the cone ha l f - ang le of e n t e r i n g e l e c t r o n s . With the s p e c t r o m e t e r ang le , 
$, fixed at 7T/2 r a d i a n s , the only r e m a i n i n g a d j u s t m e n t to c o r r e c t for r e l ­
a t iv is t ic defocusing was the r a t i o of ob jec t d i s t a n c e to i m a g e d i s t a n c e , 
^zo/xio, w h e r e xm is the d i s t a n c e f r o m the e l e c t r o n s o u r c e ( s p e c i m e n ) to 
the s p e c t r o m e t e r e n t r a n c e , and X20 i s the d i s t a n c e f r o m the s p e c t r o m e t e r 
exit to the d e t e c t o r s l i t s . The p r o c e d u r e for d e t e r m i n i n g t h i s r a t i o i s 
indicated v e r y b r i e f ly below. 

If Yj. i s the d i s t a n c e a r e l a t i v i s t i c e l e c t r o n m i s s e s the n o n r e l a t i v ­
is t ic focus , it can be a r b i t r a r i l y e x p r e s s e d in t e r m s of the e n t r a n c e angle 
sp read as a power s e r i e s 

Yr = a(kia + k2a^ + . . . ) . • 

The e x p r e s s i o n for the f i r s t - o r d e r coef f ic ien t , k^, has b e e n w o r k e d out 
without any r e s t r i c t i o n on j3 = v / c , as fo l lows: 
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1 + )3̂  xio ,1, , sin 70 ZP^ 
_ _ ^ . _ c o s y * + ^ ^ - ^_^z 

X 2 0 / ''107 ^ 1 + P^\ 
I cos 7$ '-• sin 7$ • YTWJ' 

where 7, xjo, Xjo, a, and * are evident from Fig. 29-

Since we wish Yj. = 0, we then try to make kj as small as possible. 
The other t e rms in theser ies are relatively small, since a « 1- We set 
a = 0,01 radian and /3 = 0.413 (for 50-keV electrons). 

In the first t r ia l , the condition p - q was chosen, giving xjo = a 
and X20 = a. The result , ki = -0.255, gave a "miss" for a = 15 cm, of 

Yr -• aak; = 0.038 cm = 0.38 mm, 

which was too large for the energy resolution needed (see Section 11.2.3 
below). 

Choosing q = 2p, making xio -- 0.5a and X20 = 2a, gave k; '--
-0.008 and 

Yr = 0.0012 cm = 0.012 mm, 

which was acceptable. Therefore, the dimensions were set as follows: 

Object distance xjo = 7.5 cm; 

Image distance X20 = 30 cm. 

11.2.3 Energy Defocusing, Sensitivity, and Resolution 

Velocity defocusing, Y.̂ ,, is given by " 

Y^ = 2i3a(l+q/p). 

However, energy defocusing was of more interest , and this quantity 
becomes 

Y E = | ^ a ( l + q / p ) . 

Since for relat ivist ic focusing it was determined that q = 2p was the con­
dition required, for WQ = 50 keV and a =- 15 cm. 

Y E = 9 X lO"* cm/eV 
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i s then the e n e r g y defocusing for 50-keV e l e c t r o n s . Th i s de focus ing v a r i e s 

i n v e r s e l y with the e l e c t r o n e n e r g y . 

The r e l a t i v i s t i c defocus ing , for the s e l e c t e d p a r a m e t e r s , of 12 x 
10"* c m c o r r e s p o n d s to an e r r o r of 1.3 eV. Since the in i t i a l p l a n w a s for a 
r e s o l u t i o n of 10 eV, the r e l a t i v i s t i c defocusing is a c c e p t a b l e . 

The exi t s l i t s w e r e des igned on the b a s i s of t h i s r e s o l u t i o n f i g u r e . 
Since a 10-eV band would s p r e a d over a r a n g e of 9 x 10"^ m m , the " c l o s e d " 
sl i t openings w e r e m a d e that va lue . The to ta l r a n g e of the m o v a b l e s l i t i s 
f r o m 0.2 to 1 c m f r o m the fixed s l i t , which t h e r e f o r e c o v e r s the e n e r g y 
lo s s r a n g e of 220 to 1100 eV, with 50-keV p r i m a r y e l e c t r o n s in the f ixed 
sl i t . 

11.2.4 End Shie lds 

The effects of the f r inging f i e lds a t the ends of the s p e c t r o m e t e r 
can be c o m p e n s a t e d by a m e t a l sh ie ld with s l i t width 2bs at a d i s t a n c e dg 
f rom the s p e c t r o m e t e r . ' * The c a l c u l a t i o n s a r e s u m m a r i z e d in a g r a p h of 
b s / ( a - Ri) v e r s u s d s / ( a - R j . A sh ie ld s e l e c t e d to fit t h e s e p a r a m e t e r s 
m a k e s the effect ive length of e l e c t r o s t a t i c def lec t ion j u s t equa l to the 
phys i ca l length of the s p e c t r o m e t e r . Actua l ly , t h i s w o r k was done for a 
cy l ind r i ca l de f l ec to r , but it was a s s u m e d tha t the r e s u l t s would be r e a ­
sonably nea r the r e q u i r e m e n t s for a s m a l l t r a n s v e r s e angle in a s p h e r ­
ica l de f lec to r . 

Since bg and dg a r e both v a r i a b l e s , bg w a s s e l e c t e d a s ~0.6 c m to 
give an e n t r a n c e ha l f - ang le of ~5°. Th i s cho ice then d e t e r m i n e d the d i s ­
tance dg f rom sh ie ld to s p e c t r o m e t e r . The v a l u e s a r e : 

Slit width, 2bg = 1.25 cm, 

and 

Di s t ance away, dg = 0.33 c m . 

The sh ie lds a r e at z e r o (ground) p o t e n t i a l . 

The effect of rounding the ends of the s p e c t r o m e t e r p l a t e s to a 
rad ius of 3.2 m m (which was done af ter i n i t i a l o p e r a t i o n to avoid e l e c t r i ­
cal breakdown) is g iven in t e r m s of the c o r r e c t i o n , AS, in the ef fec t ive 
field d i s t ance f r o m the edge of the s p e c t r o m e t e r : ' ^ 

'-fe^-tO'} 
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w h e r e 

r3/2 3 r 
T ^ 2 k 

(d/k)^ 

i+Td/kp 

For the a c t u a l d i m e n s i o n s , r = 0.32 c m , d = 0.33 c m , and k = 1 c m (one-
half the s p e c t r o m e t e r gap) , the c o r r e c t i o n is AS = 8 x 10" c m and i s 
t h e r e f o r e n e g l i g i b l e . 

11.3 Des ign and C o n s t r u c t i o n 

11.3. 1 P l a t e s 

The p l a t e s w e r e m a d e f r o m c o m m e r c i a l - g r a d e op t i ca l fused q u a r t z 
m a i n l y for i t s l o n g - t e r m s tab i l i ty in shape ( see F ig . 30). Using conven t iona l 
l e n s - g r i n d i n g t e c h n i q u e s , the s p h e r i c a l s u r f a c e s w e r e m a d e smoo th to about 
a wave l eng th of l ight (done in the Opt ics Shop Sect ion of C e n t r a l Shops) . The 
p l a t e s e a c h have a ledge on each s ide to p rov ide b a s e s for c l amping t h e m 
f i r m l y to the f r a m e . The convex p l a t e of 1 3 . 9 9 5 - c m r a d i u s has a width of 
8.89 cm; the c o n c a v e p l a t e of 1 5 . 9 9 5 - c m r a d i u s h a s a width of 10.16 c m 
(chord l e n g t h s ) . Thus the gap c r o s s sec t ion has a width about five t i m e s 
the gap length to r e d u c e field d i s t o r t i o n f r o m the s ide s to neg l ig ib le v a l u e s 
n e a r the c e n t e r of the width w h e r e the b e a m of i n t e r e s t l i e s . 

Fig. 30. Spectrometer Plates, Frame, and Components. ANL Neg. No. 210-709. 
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The edges of the p la te s u r f a c e s w e r e rounded to a r a d i u s of 0.8 m m 
ini t ia l ly , but th i s was changed to 3.2 m m soon af ter e x p e r i e n c e i n d i c a t e d 
that d i s c h a r g e s f r o m the edges w e r e o c c u r r i n g . 

The conduct ing su r f ace was m a d e by e v a p o r a t i n g Incone l onto the 
qua r t z at an e l e v a t e d t e m p e r a t u r e . The p la t ing was done by the C l a u s i n g 
Company of Skokie, I l l i no i s . The pla te , which is about 0,2 m i c r o n th ick , 
a d h e r e s t ight ly so that it can be c l eaned and wiped wi thout d a n g e r of l o o s ­
ening. The p la t ing was c a r r i e d about l / 2 c m over the e d g e s , down the 
s ides and ends . 

Other types of p la t ing w e r e t r i e d on s e p a r a t e p i e c e s of q u a r t z , but 
w e r e r e j e c t e d for v a r i o u s r e a s o n s . F i r e d g o l d - c e r a m i c a d h e r e d we l l but 
suffered f r o m dus t se t t l ing on it dur ing f i r ing , leaving a b u m p y s u r f a c e 
that could not be po l i shed without leaving open s p o t s . E v a p o r a t e d gold 
would not a d h e r e wel l , and g r a p h i t e "Dag" w a s a l s o diff icult to get s m o o t h 
and to a d h e r e . 

T h e r e was ques t i on r e g a r d i n g the vo l tage d r o p a c r o s s a p l a t e 
coat ing if a s u b s t a n t i a l p a r t of the b e a m fe l l on it . This q u e s t i o n was 
r e so lved by a c a l c u l a t i o n that showed the vo l t age to be in the o r d e r of 
m i c r o v o l t s ( t h e r e f o r e c o m p l e t e l y negl ig ib le) for a l - / i A b e a m . 

11.3.2 F r a m e 

Two bas i c r e q u i r e m e n t s of the f r a m e w e r e r i g i d i t y and f ine , s t ab l e 
ad jus tmen t s for locat ing the p l a t e s a c c u r a t e l y . The f r a m e (shown in 
F ig . 30) i s a heavy, welded s t a i n l e s s s t ee l p a r t i a l e n c l o s u r e . 

Each p la te i s held in a f ive -po in t s u s p e n s i o n . F o u r po in t s push a 
pla te ou tward ( a p a r t ) , one at each c o r n e r a g a i n s t the ledge on the s ide of 
the p la te . The o the r p u s h e s i n w a r d at the c e n t e r of the p l a t e and c o n s i s t s 
of a t h r e a d e d bol t wi th a locknut . The four o u t w a r d - p u s h i n g po in t s a r e on 
r igh t - ang led l e v e r s p ivo ted at the angle , wi th a 2 - t o - l r a t i o of ad jus t ing 
sc rew m o v e m e n t to p la te m o v e m e n t . The f inal a l i g n m e n t of the p l a t e s was 
made using an a i r gauge , and the gap was ad jus t ed to about 0 .0002- in . 
uniformity. 

The end sh i e ld s ( d i s c u s s e d in Sec t ion 11.2.4) a r e a t t a c h e d d i r e c t l y 
to the f r ame at t h e i r c a l c u l a t e d l o c a t i o n s . They a r e m a d e f r o m 0 . 1 0 4 - i n . -
thick s t a i n l e s s s t e e l with the s lo t e d g e s r o u n d e d to full r a d i u s , i . e . , 
0.052 in. The slot i s 3 1 / 6 4 in. wide , h a s full r ounded e n d s , i s 4.5 in. long 
(d i rec t line e n d - t o - e n d ) , and i s in the f o r m of an a r c with a 5 - | | - i n . r a d i u s 
to cen te r . 
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11.4 Resolution 

The design resolution was estimated from the line width in the 
detector with only full energy electrons going through the spectrometer , 
no specimen in the path. Since the energy spread in cold-emission elec­
trons is less than 1 eV, an ideal spectrometer should show a co r re ­
sponding line width in energy. This measurement can be made by using 
a narrow detector slit and moving it across the beam. However, sweep­
ing the beam across a narrow slit by varying the spectrometer plate 
potentials produces a much clearer presentation. The slit, of course, 
must be at least as narrow as the resolution desired. Initially, the min­
imum opening was 0.1 mm, corresponding to ~10 eV, but the slit jaws 
were later honed to close with the jaws in contact. 

Ear ly measurements indicated the full-energy beam with < l -eV 
energy spread was dispersed over ~5-6 eV at the sl i ts . Assuming this 
spread might be due to the focus plane not coinciding exactly with the slit 
plane, an external magnetic quadrupole (discussed in Section 11.5) was 
built and placed outside the exit tube of the spectrometer . It was then 
possible to get an energy spread of about 0.6 eV in a total energy of 
30,000 eV. The improvement in actual resolution over that of theory may 
be due to the effect of the end shields, which was not considered in the 
initial calculations. 

11.5 Quadrupole Lens 

To provide an adjustment between focal and slit planes, an ex­
ternal quadrupole was installed on the outside of the spectrometer exit 
tube. These focus e r r o r s may be due to slight imperfections or not 
having all correct ions calculated, but, in part icular , variations occur 
due to variations in specimen position or object distance. 

The lens is a simple s t ructure consisting of an octagonal yoke 
of steel rectangular bar, poles of 1-in. bolts, and four coils, each wound 
of 500 turns of No. 24 Formvar wire . By an adjustable and revers ible 
current , the beam focus can be brought to the slit plane, regardless of 
whether the focal length is too long or too short. This feature of cor­
recting in either direction is due to the fact that a single quadrupole lens 
has a focusing and a defocusing plane, and these planes can be inter­
changed by reversing the current . 

This device worked well. Curves of energy spread only 0.6 eV 
wide are obtained, and some of this width may be due to the spread 
already in the incoming beam, to the slit width, and to spectrometer 
defects. The observed resolution in a 30-keV electron beam is a re l ­
ative resolution of 1 in 50,000 or 0.002%. 
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11.6 Opera t ing E x p e r i e n c e 

M i s c e l l a n e o u s effects and r e s u l t s , not a l l of which w e r e obv ious a t 

f i r s t , a r e r e p o r t e d h e r e . 

11.6.1 Con tac t s to P l a t e s 

In the e a r l y ope ra t i on , e l e c t r i c a l con t ac t to a p la te was often l o s t 
after a b r eakdown o c c u r r e d be tween p l a t e s o r b e t w e e n a p l a t e and g round . 
The con t ac t s w e r e sp r ing w i r e s bent to touch the Incone l f i lm at the s m o o t h 
convex s ide of the bend. A b r e a k d o w n would c a u s e a high c u r r e n t to flow 
m o m e n t a r i l y th rough the con tac t and b u r n away the Incone l p l a t i ng . A 
mu l t i p l e - l ea f con tac t was t r i e d , but the r e s u l t s w e r e the s a m e . 

A s u c c e s s f u l contac t was m a d e by mak ing a folded pad about 5 m m 
squa re of eight l a y e r s of ~ 0 . 0 2 - m m - t h i c k gold foil and holding it a g a i n s t the 
pla ted su r face with mul t ip l e s p r i n g s . No c o n t a c t s have fa i led s ince t h e s e 
contac t s w e r e i n s t a l l e d s e v e r a l y e a r s ago. 

D i r e c t c h e c k s to see whe the r the c o n t a c t s w e r e i n t ac t w e r e m a d e by 
m e a s u r i n g the c a p a c i t a n c e be tween p l a t e s (~50 pF) and b e t w e e n e a c h p l a t e 
and ground when the c o n t a c t s w e r e new. It was qui te c l e a r f r o m t h e s e 
m e a s u r e m e n t s which, if any, con tac t had fa i led w h e n e v e r t r o u b l e w a s in ­
dicated. (Opening the m i c r o s c o p e to m e a s u r e the con tac t r e s i s t a n c e was a 
major t a sk . ) 

11.6.2 Cleaning by High Vol tage 

When the m i c r o s c o p e is exposed to the a t n n o s p h e r e and then c l o s e d , 
difficulty i s e x p e r i e n c e d for some t i m e with d i s c h a r g e s b e t w e e n p l a t e s or 
between p l a t e s and ground . The f a s t e s t c l e a n u p o c c u r r e d by (1) backf i l l ing 
with dry n i t r ogen before opening the s y s t e m , (2) holding the p r e s s u r e a t 
-10"^ T o r r , (3) put t ing a s e r i e s r e s i s t o r of 1 Mf2 in the p l a t e l ine , and 
(4) main ta in ing the a v e r a g e d i s c h a r g e c u r r e n t a t - lOjuA. As c l e a n u p c u r r e n t 
d e c r e a s e s , the po t en t i a l s a r e i n c r e a s e d unt i l they a r e we l l above o p e r a t i n g 
level. F o r o p e r a t i o n at 7 kV, the c l e a n u p po t en t i a l i s c a r r i e d up to ~10 kV, 
s o m e t i m e s 12 kV. Usua l ly 10 to 20 m i n is suff ic ient t i m e for c l eanup . 

11.6.3 Appa ren t Gain in E n e r g y 

An e n e r g y s p e c t r u m that has a " t a i l " r e a c h i n g to h i g h e r e n e r g i e s 
than that of the p r i m a r y e l e c t r o n s is puzz l ing at f i r s t g l a n c e , s ince t h e r e 
is no appa ren t r e a s o n for e l e c t r o n s to ga in e n e r g y . H o w e v e r , t h e s e a p p e a r 
to be s imply due to defec t s in focus ing by the s p e c t r o m e t e r , and they can 
be near ly e l i m i n a t e d by p r o p e r a d j u s t m e n t of the e x t e r n a l q u a d r u p o l e l e n s . 
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12. ENERGY SLITS 

S e l e c t i o n of p r e c i s e e n e r g i e s of e l e c t r o n s r e q u i r e s a s l i t to l i m i t the 
band a c c e p t e d to a width a s s m a l l a s or s m a l l e r than the e n e r g y r e s o l u t i o n 
d e s i r e d . 

12.1 R e q u i r e m e n t s 

The i n i t i a l d e s i g n was for a v a r i a b l e band f r o m 10 to 100 eV in width , 
which with the s p e c t r o m e t e r d i s p e r s i o n of 9 x 10"* c m / e V , r e q u i r e d that the 
s l i t open ings be v a r i a b l e f r o m 0.09 to 0.9 m m . Actua l ly , they wi l l open to 
1.0 m m . 

To c o m p a r e i n f o r m a t i o n at two e n e r g i e s , two s l i t s a r e n e c e s s a r y . 
One i s f ixed in pos i t ion , and the o the r movab l e f r o m 2 to 10 m m f r o m the 
fixed one, to c o v e r a d i f fe rence of 220 to 1100 eV b e t w e e n b e a m s (at 50 -keV 
a c c e l e r a t i n g po t en t i a l ) . 

12.2 Des ign 

The s l i t m e c h a n i s m i s shown in F ig . 31 looking in the d i r e c t i o n tha t 
the e l e c t r o n s go. The l o w e r - and u p p e r - s l i t opening a d j u s t m e n t s a r e m a d e 
and m e a s u r e d by two s m a l l m i c r o m e t e r s , o p e r a t i n g th rough s t a i n l e s s s t e e l 
b e l l o w s . The uppe r s l i t i s moved by a n o t h e r , and l a r g e r , m i c r o m e t e r t h r o u g h 
a n o t h e r b e l l o w s , and c a r r i e s along the e n t i r e s m a l l m i c r o m e t e r and b e l l o w s 
m e c h a n i s m which opens and c l o s e s the s l i t . 

Fig. 31. Detector-end Structure, Showing Location 
of Energy Slits. ANL Neg. No. 210-716. 
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The two scintillation detectors are about 1 cm back of the sli ts , and 
to avoid possible crosstalk, either from scattered electrons or from optical 
pulses, a pair of shades was installed. These are flat 0.1-mm-thick stain­
less steel shim stock slides between the two scinti l lators, and fastened at 
one end to the inner slit jaw (jaw nearest the other slit). The movable slit 
pulls its shade as it moves, bending it around the edge of the scintil lator. 
The shades are held taut and prevented from buckling by extension springs 
attached to the other end. 

The fixed jaws are made of beryllium copper, and the movable jaws 
of Inconel since the latter slides on a frame made integral with the fixed 
slits. Both slits are 2 mm long. 

12.3 Rework for Higher Energy Resolution 

Experience with the microscope made it apparent that higher energy 
resolution would be desirable, and it was shown from the highly monochro­
matic primary beam that the spectrometer was capable of high resolution. . 
Therefore the slit stops were moved so the slits would close in contact. 
This left a slit width that was due only to imperfections in the honed slit 
jaws and was shown to be somewhat less than 1 eV in bandwidth at the 
narrowest setting. 



87 

13. DETECTORS AND LIGHT PIPES 

After the electrons are dispersed according to their energies by the 
spectrometer , and the desired ones are selected by slits, conversion to an 
electr ical signal is the next step. The signal can be pulses from individual 
electrons, or it can be a current when electrons are collected at a faster 
rate. 

13.1 Choice of Detectors 

The ultrahigh vacuum posed an environmental res t r ic t ion on the type 
of detectors used. After some t r ia ls , it was decided that small Csl or p las­
tic (Pilot B) detectors may evaporate slowly enough to be satisfactory. The 
lower detector, at the fixed slit, is a sheet of Pilot B scintillator about 6 x 
10 mm cemented with clear epoxy resin to the light pipe. The upper detec­
tor is a sheet of cesium iodide about 12 x 10 mm cemented to the upper 
light pipe. This one is larger to cover the area scanned by the movable 
slit. 

As of this writing, the Pilot B detector has operated satisfactorily for 
three years . The present cesium iodide detector has been operating about 
half that length of t ime, the original one having dissolved during a period 
when excessive moisture entered the microscope accidently. 

13.2 Light Pipes 

To ca r ry the scintillation light to the photomultiplier, a quartz light 
pipe is used for each detector. Each pipe has a tapered shape to match the 
scintillator area to that of the photomultiplier face and is aluminized on all 
surfaces except the two active faces to prevent light escaping. The two 
pipes are not identical, the upper one having a larger face to ca r ry the 
larger movable-sl i t detector. 

The light pipes go through the chamber wall and thus serve as the 
vacuum seal. Each pipe is circular , about 25 mm in diameter at the vac­
uum seal, and has a flange that is pressed against a Viton O-ring to form 
a seal with the chamber. The photomultipliers are therefore outside the 
vacuum. 

13.3 Photomultipliers 

Both photomultipliers are Amperex XPlOlO, which are 10-stage 
units with S-11 spectral response. The active cathode surface is 32 mm 
in diameter . 
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13.4 Experience 

The seal between light pipe and vacuum chamber was initially designed 
to be a gold ring. However, even with a well-fitting support ring around 
the light pipe, one quartz pipe cracked. Viton O-rings were then substituted. 
The concern was whether the required vacuum of 10"' Torr would be attain­
able, but it turned out that this vacuum was readily reached using Viton 
seals. 

The loss of a Csl detector through its hygroscopic absorption of 
water followed an event in which water was lying in the microscope chamber. 
This water came from a leak in the cold baffle (caused by water freezing in 
it, as discussed in Section 16.4). The detector has remained intact through 
the numerous exposures to atmosphere from opening the microscope 
chamber. 

The two photomultipliers are the original ones, which have been op­
erating over four years . 
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14. DISPLAY SYSTEM 

The t ypes of d i sp lay used, s p e c i m e n i m a g e , e n e r g y lo s s i m a g e , co lo r 
c o m p o s i t e , and e n e r g y s p e c t r u m a r e d e s c r i b e d in Sec t ion 2.6 . The equ ip ­
m e n t u s e d is d e s c r i b e d in the following p a r a g r a p h s . A m o r e de ta i l ed d i s ­
c u s s i o n of the i m a g e d isp lay s y s t e m is in Ref. 16. 

The i m a g e - d i s p l a y c i r c u i t s w e r e d e s i g n e d a n d checked out by 
W. K. B r o o k s h i e r , and the op t i ca l and s igna l level r e q u i r e m e n t s w e r e c a l c u ­
l a t ed by Dr. J. G i l r o y , both of the E l e c t r o n i c s Divis ion . 

The d u a l - c h a n n e l d i sp lay conso le is shown in F i g . 32. The far left 
r a c k i s a m u l t i c h a n n e l a n a l y z e r u s e d to a c c u m u l a t e and i m p r o v e the s i g n a l -
t o - n o i s e r a t i o of l o w - l e v e l - e n e r g y s p e c t r a ( d i s c u s s e d in Sect ion 3.3.4). 

Fig. 32. Display Console Showing Multichannel Analyzer 
at Left. ANL Neg. No. 143-2072. 

14.1 I m a g e Disp lay 

The i m a g e - d i s p l a y output is a y e l l o w - b l a c k p i c t u r e on a c a t h o d e - r a y -
tube r a s t e r , 6 x 6 in. s q u a r e . The s t o r a g e tubes u s e d for th i s s e r v i c e m a k e 
it p o s s i b l e to a c c u m u l a t e s i g n a l s f r o m s u c c e s s i v e sweeps and to r e t a i n a 
p i c t u r e on the tube face for a c o n s i d e r a b l e length of t i m e (days) . 
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14.1.1 R e q u i r e m e n t s 

B e s i d e s the obvious n e e d s , such as r e s o l u t i o n in the i m a g e d i s p l a y , 
t h e r e i s the need to p r o c e s s v e r y weak s i g n a l s , s i nce the e l e c t r o n b e a m i n ­
t ens i ty at s e l e c t e d e n e r g y l o s s e s in the s p e c i m e n c a n be v e r y s m a l l , p e r h a p s 
of the o r d e r of 10" '* A. The s y s t e m m u s t be able to count e l e c t r o n s a t t h i s 
level as wel l as m e a s u r e c u r r e n t s at h ighe r l e v e l s . It should a l s o be p o s s i ­
ble to i n t e g r a t e s igna l s over a long t i m e span in o r d e r to p r o d u c e a c c e p t a b l e 
image d i s p l a y s . The l a t t e r r e q u i r e m e n t was m e t by u s ing s t o r a g e c a t h o d e -
ray t u b e s , which, b e c a u s e of t h e i r s t o r a g e capab i l i t y , p e r m i t the u s e of v e r y 
slow sweep r a t e s and c o r r e s p o n d i n g l y long dwel l t i m e s p e r p i c t u r e e l e m e n t . 

Two d i s p l a y s a r e n e c e s s a r y to show s i m u l t a n e o u s l y the i m a g e s f r o m 
two e n e r g y lo s s v a l u e s , us ing the two d e t e c t o r s in the m i c r o s c o p e . 

14.1.2 S to rage Tubes 

The s t o r a g e tubes s e l e c t e d for i m a g e d i sp l ay a r e H u g h e s T o n o t r o n 
Type H-1069 AP20 Some c h a r a c t e r i s t i c s of t h i s tube a r e 

10-in. d i a m e t e r 

E l e c t r o s t a t i c focus and def lec t ion 

G r e e n - y e l l o w d i sp lay 

6 X 6-in. r a s t e r 

450 l ines of r e s o l u t i o n pe r r a s t e r width 

14.1.3 E l e c t r o n i c s 

The e l e c t r o n i c equ ipmen t in the d i s p l a y s e c t i o n c o n s i s t s of t h r e e 
functional s y s t e m s , (1) s igna l p r o c e s s i n g , (2) s t o r a g e tube p o w e r , and 
(3) sweeps . The two channe l s have s e p a r a t e s igna l p r o c e s s i n g and s t o r a g e 
tube power s y s t e m s , but one sweep s y s t e m s u p p l i e s both c h a n n e l s . A b lock 
d i a g r a m of Channel 2 i s shown in F i g . 33. 

14.1.3.1 Signal . F r o m the anode of the p h o t o m u l t i p l i e r ( d i s c u s s e d in S e c ­
tion 13), an e l e c t r i c a l s igna l goes into a v ideo p r e a m p l i f i e r nnounted c l o s e 
to the m u l t i p l i e r tube. Long l e a d s c o n n e c t the p r e a m p l i f i e r l o w - i m p e d a n c e 
output to the video a m p l i f i e r moun ted in the d i s p l a y c o n s o l e . 

The p r e a m p l i f i e r (the c i r c u i t of which is shown in F ig . 34) h a s c u r ­
rent r a n g e s f r o m 10"* to 10"* A, e a c h d e l i v e r i n g a n o m i n a l 1-V output . The 
r i s e t i m e s v a r y f r o m 7 / isec on the 10"* A r a n g e to 0.04 / isec on the two 
upper r a n g e s . A conven t iona l tube r a t h e r than an e l e c t r o m e t e r tube i s u s e d 
for the input s tage to obta in g r e a t e r bandwidth . It i s o p e r a t e d wi th g r i d c u r ­
ren ts in the r ange 10" '° to 1 0 " ' A. Drif t i s l e s s than 10 m V / h r on the h i g h e r 
ranges . 
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The video amplifier accepts an input signal of 0 to +2 V from the out­
put of the video preamplifier and amplifies it by a factor of five. The unit 
develops an unblanking signal from differentiation of the horizontal sweep 
signal. Unblanking permits the writing beam to function only when the beam 
is scanning, to protect the storage tube from damage. It also blanks the 
horizontal and vert ical r e t race sweeps. 

Before the output signal from the amplifier is applied to the storage 
CRT, it is isolated from its ground reference and added to the bias required 
between the first write grid and cathode. This is done by the unit called 
"Write Gun HV and Control," A manual write-gun clamp level control is 
used to clamp off the write beam during startup to avoid damage to the stor­
age tube. 

The preamplifier power supply is a well-regulated unit located in the 
display console and supplies the dc potentials remotely to the preamps. 

14.1.3.2 Storage-tube Power. There are 16 electrodes in the storage tube 
besides the four deflection plates. There are some possibilities of damaging 
certain tube elements by not having all the electrodes properly biased, as 
might happen in applying potentials in the wrong sequence or if certainpower 
supplies were not connected. To prevent such misapplication of potentials, 
an "AC Control Unit" is provided that allows certain powers to be supplied 
only after a delayed time from the application of other powers. Also, there 
are cable interlocks with other chassis requiring that they be connected 
before power can be applied to the tube. In part icular , the flood gun is 
biased off until other power has been on for 2 min. Also, the write-gun high 
voltage cannot be turned on until a number qf other conditions are met. 

A group of five low potentials to the tube are supplied by the "Low 
Voltage and BE Control" supply. The BE (backing electrode) control adjusts 
the potential on it, which acts as a brightness control. A one-shot e rase 
button e rases a stored picture by supplying a positive bias to the backing 
electrode. For continuous e rase , a pulse train of single-shot erase bias 
signals are applied to the electrode. 

The "Flood Grid Control Unit" supplies the flood filament, the flood 
cathode, and one flood grid. A view switch permits the flood beam to illu­
minate the stored picture for viewing. With the flood beam on, the storage 
time is about 30 sec. For extended storage of the picture, the view switch 
and flood-gun beam are cut off. An intermediate condition involving a 
trade-off between brightness and storage time can be obtained by the use of 
a storage-extension feature, which cuts off the flood-gun beam for a variable 
fraction of time. This unit also has a gate to turn on the flood gun whenever 
a r a s t e r is under way, even though other controls may be set to cut off the 
beam. This is to provide a visible display during the writing process , p ro­
vided other conditions permit visible brightness. 
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14.1.3.3 Sweep System. The sweep system consists of a sweep generator, a 

sweep control unit, and two sweep amplifiers, one for each channel. 

The sweep generator provides horizontal and vertical sweeps, at 20-V 

amplitude, to form a raster of 1000 lines in 10, 1, or 0.1 sec. The rasters 

may be individually generated or repetitive. This unit requires horizontal 

unblanking signals from a differentiated output to the deflection plates of the 

tube, in order to prevent the writing beam from being on unless the beam is 

being swept across the tube face. The 10-sec raster was modified after ini­

tial operation of the microscope to have 600 lines, each synchronized to the 

60-Hz power-line frequency. This removed some of the loss of resolution 

due to stray 60-Hz magnetic fields (discussed in Section 19.1-3). 

A sweep control unit permits adjustments in amplitude and position 

to the sweep signals sent to the microscope. The sweep potentials applied to 

the deflection plates inside the microscope are derived from those applied to 

the storage tube. A step attenuator reduces the potentials applied to the 

microscope plates, decreasing the scan distance and thus increasing the 

magnification, since the scanned area on the specimen is always imaged on 

a 6 X 6-in. raster. The steps available and the nominal area scanned in the 

initial design of the specimen and deflection plates, at 50-keV electron 

energies, are as follows: 

Specinnen Area Magnification 

100 X 100 fM 1,500 

50 X 50 ;U 3,000 

20 X 20 ^ 7,500 

10 X 10 ;Li 15,000 

5 X 5 Id 30,000 

2 X 2 n 75,000 

1 X 1 /i 150,000 

5000 X 5000 A 300,000 

2000 X 2000 A 750,000 

1000 X 1000 A 1,500,000 

Both the horizontal and vertical deflection plates receive balanced 

(push-pull) signals, such that the average potential of a pair remains con­

stant. For a sweep length of 100 fj. at the specimen, the signal levels are 

150 V peak-to-peak on each plate, which corresponds to a signal of 300 V 

peak-to-peak between plates. 

Electrical positioning of the raster on the specimen is accomplished 

by the use of a steady dc potential difference between a pair of deflection 

plates, upon which the sawtooth sweep signals are added. This has the same 

effect as a fine mechanical adjustment of specimen position, and covers a 

range of about ±50 ^ . 
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The first model of sweep control used signals taken from the storage-
tube deflection potentials and applied them directly to the microscope deflec­
tion plates. The signals to the microscope were thus affected by adjustments 
made to obtain proper operating conditions for the storage tube. A later 
model was then built which buffered the connection between display and mi­
croscope so that either system could be adjusted independently without af­
fecting the other. 

A Normal-Reverse switch was incorporated in the newer unit to r e ­
verse the connections between pairs of deflection plates in the microscope. 
This effectively rotates the image on the screen by 90°. 

Four sweep amplifiers are included in the system--one horizontal 
and one vert ical for each pair of deflection plates. Each amplifier takes the 
20-V peak-to-peak output signals from the sweep generator and converts 
them to the 300-V peak-to-peak push-pull output signals required for the 
deflection plates . 

14.2 Energy Spectrum 

A spectrum of intensity (number of electrons collected) versus energy 
loss provides a fingerprint of the elements present in the specimen (covered 
in Sections 2.6.4 and 3.3.3). In this display, the deflection sweeps to the mi­
croscope are shut off and a focused electron beam impinges on the specimen 
area of interest . Voltage ramps are superposed on the electrostatic spec­
t rometer potentials, thus sweeping the dispersed spectrum of electron ener­
gies ac ross a detector slit. The sweep potentials are synchronized with the 
horizontal sweep of an oscilloscope. The signal strength picked up by the 
detector is applied to the vert ical deflection of the oscilloscope, thus pro­
ducing the spectral curve. 

Samples of energy spectra are shown in Figs. 2 and 3. 

14.2.1 Circuits 

Ramp voltages to the spectrometer plates are applied by connecting 
the sweep output from the oscilloscope through a capacitor to the voltage 
supply to each spectrometer plate. This is done at the grounded side of each 
power supply to avoid using high-voltage capacitors. Detector signals are 
taken directly from the low-impedance output of the preamplifier to the os­
cilloscope. Switches were eventually installed to make it simple to change 
the mode of display from storage-tube image to energy spectrum. 

14.2.2 Multichannel Analyzer 

If the energy-spect rum sweeps are repetitively applied to a multi­
channel analyzer instead of to an oscilloscope, the signal-to-noise ratio can 
he imnroved (as discussed in Section 3.3.4). 
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For the microscope, an RIDL Designer Series analyzer with 
400 channels is used. 

14. 3 Color Display 

Having two energy slits and detectors at the output of the spect rome­
ter makes it possible to display two images simultaneously, one in each 
channel. These images are of the same specimen area, but represen t r e ­
sults of looking at two different losses of energy in the electrons. For ex­
ample, a "conventional" image made from electrons having no energy loss 
can be displayed on one storage tube at the same time as an image is d is­
played on the other storage tube made from electrons having lost 283 eV 
(energy required to remove a K-shell electron from carbon), to show the 
location of carbon compared to the overall density picture. Or, two different 
energy losses canbe chosen, corresponding to character is t ic absorption 
energies of two elements, and displayed to show simultaneously the compara­
tive locations of the two elements in the specimen. 

If the two images can be made to apparently coincide, one superposed 
over the other, the relative location of details in thenn is more easily seen. 
By using two contrasting colors, one for each channel, such a composite im­
age clearly delineates the two images in superposition. Two schemes for 
forming color composites have been tried successfully. The f irst system 
used optics to combine the images from the two storage tubes, and the sec­
ond used a color-television monitor to combine the two images in one picture 
tube-

14.3.1 Optical Composite 

The two storage-tube faces lie about 2 ft apart in the same plane. 
Using three ordinary m i r r o r s and a partially transmitt ing mi r ro r permi ts 
the two images to be superposed and be made congruent. A system was de­
signed and tested for producing such composites from the microscope by 
Dr. J. Gilroy of the Electronics Division (see Fig. 35). 

Two m i r r o r s are used in a periscope configuration to t ransfer the 
image from one storage tube to a position about halfway between the tubes. 
The image from the second tube is similarly t ransfer red to the same posi­
tion as the first, but the second mi r ro r in this case is partially transmitt ing 
so that the first image can be see through it, along with the second image 
reflected from it. Because the second periscope is farther from its tube 
face than the first in order to get the partially transmitt ing m i r r o r above its 
counterpart in the first periscope, its image would appear smaller than the 
other if they were midway between the tube faces. The images are made the 
same size by moving the two m i r r o r s and the images toward the second tube 
face. When the m i r r o r s are adjusted properly, the images are precise ly 
congruent, and there are no parallax problems. 
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Fig. 35. System for Producing Color Composites by 
Optical Method. ANL Neg. No. 143-1837. 

A r e d f i l t e r i s p l aced over one tube face , and a g r e e n f i l t e r o v e r the 
o t h e r . The t u b e s have P20 p h o s p h o r , which a p p e a r s g r e e n i s h yel low. T h e r e 
i s enough r e d r a d i a t i o n f r o m the phosphor to p rov ide a d i s t i nc t l y r e d i m a g e 
t h r o u g h a r e d p l a s t i c f i l t e r . T h e r e is a l so a b r i g h t g r e e n i m a g e t h r o u g h a 
g r e e n f i l t e r . S e v e r a l pho tos of the c o m p o s i t e co lo r i m a g e have b e e n m a d e , 
and the r e s u l t s a r e highly s a t i s f a c t o r y , with a r e a s of r ed , of g r e e n , and of 
v a r i o u s m i x t u r e s of the two a p p e a r i n g in d i f fe ren t a r e a s of the s p e c i m e n . 

14.3.2 C o l o r - t e l e v i s i o n C o m p o s i t e 

A c o l o r c o m p o s i t e can be m a d e on a c o l o r - t e l e v i s i o n tube face by 
apply ing the s p e c t r o m e t e r d e t e c t o r s i gna l s to the e l e c t r o n - b e a m i n t e n s i t y 
c o n t r o l s in the t e l e v i s i o n tube . S igna l s f r o m one d e t e c t o r p r e a m p l i f i e r 
m o d u l a t e one co lo r gun, and t hose f r o m the o the r modu la t e ano the r gun. 
S u p e r p o s i t i o n of i m a g e s is i n h e r e n t in th i s s y s t e m . 

Th i s s y s t e m was d e s i g n e d by W. K. B r o o k s h i e r of the E l e c t r o n i c s 
D iv i s i on and w a s bu i l t a r o u n d an RCA Model TM21D Colo r Mon i to r , a h igh-
qua l i ty t e l e v i s i o n c o l o r r e c e i v e r used in t e l e v i s i o n s tud ios as m o n i t o r s of 
the t r a n s m i t t e d p i c t u r e s . The mod i f i ca t ions n e c e s s a r y w e r e the s u b s t i t u t i o n 
of a d i f fe ren t d e c o d e r unit and the addi t ion of a co lo r sweep c o n t r o l . 

The r a s t e r s w e e p s a r e a l l o p e r a t e d at s t a n d a r d t e l e v i s i o n f r e q u e n ­
c i e s . S ince the c o l o r - p i c t u r e - t u b e p h o s p h o r does not have long p e r s i s t e n c e , 
i t c anno t be u s e d to a c c u m u l a t e s igna l s f r o m s u c c e s s i v e s w e e p s . Also , a 
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complete ras te r is made m l/30 sec; therefore, the total signal is only 
l/300th that received in one 10-sec scan on the storage-tube display. For 
low-level signals, the signal-to-noise ratios will likely be poor, and they 
cannot be improved by cumulative methods within the system. However, 
photographing the picture-tube image for a number of successive r a s t e r 
sweeps enables time integration to be done photographically. Up to this 
time, the system has only been tested and the image is quite satisfactory. 
When it is put into routine use, photographic integration will probably be 
used to improve signal-to-noise ratios on low-level signals. 

14.3.2.1 Decoder. The decoder unit fulfills several functions. In normal 
television reception, horizontal and vert ical synchronization pulses from 
the broadcasting station ensure that the interlaced scanning is properly 
synchronized. In microscope use, these synchronization pulses are absent; 
therefore they must be supplied, along with blanking pulses. A 157.5-kHz 
oscillator output is divided by 5 and 2 to produce a standard 15.75-kHz 
horizontal frequency, and by factors of 5, 7, 5, 5, and 3 to provide the ver­
tical 60-Hz frequency. The 157.5-kHz frequency also supplies a built-in 
dot generator for convergence adjustments. The 60-Hz ver t ica l -sweep 
frequency can be locked to the power line so that line frequency pickup in 
the microscope will produce a stationary pattern. The decoder also fur­
nishes 20-V peak-to-peak sawtooth outputs to the color sweep control for 
amplification to the levels required to drive the microscope deflection 
system. 

The unit also accepts the signal outputs from the microscope detec­
tor preamplifiers into three available channels, one for each color: red, 
green, and blue. With two detectors at present in the microscope, three 
pairs of primary television colors can be selected: red-green , red-blue, 
or blue-green. In addition, inputs can be combined to give three more 
pairs of colors: red-cyan (blue and green), green-violet (red and blue), or 
blue-yellow (red and green). If, in the future, three detectors are built into 
the microscope, there will be no choice of display colors, since the red, 
green, and blue inputs will all be used. 

14.3.2.2 Color Sweep Control. This unit accepts the 20-V peak-to-peak 
sawtooth waveforms at the horizontal rate of 15.75 kHz and at the vert ical 
rate of 60 Hz. They are amplified to 300 V peak-to-peak at each of four 
output terminals to drive the deflection plates in the microscope. Output 
cathode followers permit driving capacitive loads up to 500 pF at each 
terminal. 

Attenuation controls are provided on both horizontal and ver t ical 
sweeps. They operate in 1-0.3-0.1 sequence through four decades. 
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15. CAMERA SYSTEM 

15.1 Storage-tube Photography 

Photographs of the image on the storage tube can be made by means 
of a Polaroid camera mounted on a simple bracket from the storage-tube 
panel. Since a picture can be stored for a considerable lengthof time (hours), 
there is ample time to set up and adjust the camera when a good picture is 
obtained. Many pictures have been made over the years since the mic ro ­
scope was first s tarted. When better quality pictures were desired, the 
Graphic Arts Department supplied a camera and operator to take pictures 
of the storage-tube image. 

This system has several weaknesses. The resolution on the storage 
tube is about 80 l ines/ in . or less than 500 lines over the 6-in. r a s t e r . The 
picture has a ra ther high contrast from dark to bright, with a limited range 
of greys in between. The camera and bracket are physically in the way of 
viewing the tube comfortably and of operating the controls. To alleviate 
these problems, a separate osci l loscope-camera system was built. 

15.2 Remote Camera 

To overcome the drawbacks of photographing the image on the storage 
tube (discussed in Section 15.1), a separate remotely-operated system was 
designed by D. J. Keefe and E. L. Williams of the Electronics Division. 

1.5.2.1 Capabilities 

The system was designed to have high resolution, to provide a wide 
range of tones, to be convenient to operate, and to be well protected from 
failure or e r r o r in operation. 

The resolution with present electronics is 200 l ines/ in. on a 3 by 
3-in. r a s t e r for a total of 600 lines. Nominally, this resolution appears to 
be little better than that of the storage tube. However, the improvement in 
picture quality is quite apparent. The CRT is capable of producing line 
widths <0 001 in. By expanding the r a s t e r time from 10 to 30 sec, the present 
CRT electronics would permit a resolution of 1800 l i ne s / r a s t e r . This will 
require some changes in the sweep systems for the microscope. The reason 
for the present resolution is that the line sweeps in the r a s t e r a re keyed to 
the power-l ine frequency, for 60 l ines / sec . Keying the line frequency to 
every 3rd or 4th sweep to give 180 or 240 l ines / sec is a solution that would 
require little change in microscope equipment, but does require raising the 
high-frequency cutoff point of the amplifier. This point is approaching the 
limit of straightforward electronics, because the amplifier must be capable 
of passing dc signals and it must supply large currents to the deflection 
coils. 
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The tonal range of the CRT is much better than that of the storage 
tube, and adjustment is convenient once a calibration has been made. Fo r 
this purpose, a monitor oscilloscope is located in the operating console 
for the microscope. In the camera CRT, the signal modulates the beam 
intensity; in the monitor CRT, it is applied to the Y deflection. Both CRT's 
share the same X sweep along with the storage tube. The monitor Y deflec­
tion is thus a measure of the brightness of the spot in the camera CRT. 
Readings on the monitor a re then correlated with the black, greys , and 
white in the developed film from the camera system. F r o m then on, when 
a scene of interest appears on the storage tube, the amplifier bias is set to 
give lower readings on the monitor at the "black" level, and the amplifier 
gain is then adjusted to give upper readings just at the "white" level on the 
monitor. This ensures a proper tone range on the developed picture, as long 
as that particular type of film is used. 

Convenience of operation depends on which camera is used, the 
Polaroid or the 70-mm magazine unit. In either case, the bias and gam 
adjustments for proper tonal range and shutter operation are controlled 
from the operator 's console panel. If the 70-mm camera is used, film 
advancement is also controlled from the console, making it possible to 
take a reel of pictures without being near the CRT-camera system. The 
Polaroid film must be advanced manually in the usual manner. 

15.2.2 Cameras 

A 70-mm drum-loaded-magazine Beattie-Coleman camera is used 
for normal pictures. The film is advanced electrically by remote control 
at the microscope console. It uses a Carl Meyer 125-mm f/2 lens. The 
camera is mounted on a t ransverse sliding back, so that two cameras can 
be used conveniently. 

A Polaroid camera is mounted on the sliding back, for use in getting 
quick pictures without waiting to develop a 70-mm roll . 

15.2.3 Cathode-ray Tube 

The cathode-ray tube was chosen for high resolution and good tonal 
qualities. The tube is a Westinghouse WX-30233P unit with line width less 
than 0.001 in. everywhere in a r a s t e r about 3 x 3 in. The flat face is 5 in. 
in diameter, and it uses 40° magnetic deflection. 

15.2.4 Dark Box 

The CRT is mounted inside a simple plywood box painted flat black 
inside. Since the lens has a short depth of focus when focused on an object 
the size of the CRT ras t e r , adjustments were provided in the CRT mount to 
align the tube both for axial position and axis tilt (the latter to bring all the 
raster into focus if part of it is in focus). 
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15.2.5 Circuits 

The system requires (l) power supplies for the CRT elements, 
(2) sweep drives, (3) control, (4) protection, and (5) monitor scope. Fig­
ure 36 is a block diagram of the system. 

The power supplies used for the CRT are (l) a 30-kV Sorenson 
Model 5030-4 for the high-voltage anode, (2) a 5-kV NJE S327 for the focus 
anode, (3) a 500-V unit for Grid No. 2, (4) a 6.3-V filament supply, and 
(5) a cathode bias of nominally 43 V. Other supplies are ±35, ±15, and 
±10 V, for the control and sweep functions. 

The remote-contro l circuit provides for taking pictures, advancing 
the film, and indicating lights. A green indicator on shows that the system 
is ready for taking a picture (film is advanced, etc.). A red light on indicates 
that the shutter is open and a picture is being taken. The shutter is opened 
and closed automatically, when a picture is called for, at the beginning and 
ending of a r a s t e r . 

The control system, in addition to the remote operating features, has 
three other functions: (l) modification of the video input to match the inten­
sity operation of the CRT, (2) modification of the deflection voltages, supplied 
from the microscope console, to match the requirements of the CRT, and 
(3) modification of the unblanking input signal to synchronize the re t race . 

The sweep drives perform five major functions: (l) supplies the 
horizontal and ver t ica l drive currents , (2) provides protection for the CRT 
if either horizontal or ver t ical sweep fails, (3) provides control logic and 
drive circui try, (4) provides the clamping n^work for protection circuits 
and unblanking signals, and (5) provides protection for the CRT from unsafe 
conditions of voltage in the control power supply. Figure 37 is a block 
diagram of the sweep-drive circuit. 

Protect ive circuits are included that prevent the electron beam from 
burning a spot or line on the phosphor. K either horizontal or vert ical sweep 
fails the CRT is biased off. Also, if the regular cathode bias supply fails, 
a battery supplies the bias to hold the beam off until the high voltage dies 
away The cathode is run at positive bias, so blanking is done by clamping 
the grid to ground. To unclamp the grid, a differentiated signal is reqmred 
from both ver t ical and horizontal deflection coils. The battery is kept 
charged by a t r ickle charger . If the charging current becomes excessive, 
a meter relay shuts off the high voltage. Other relays protect agamst failure 
of the bias supply or relay supply 

The monitor consists of a Tektronix 360 oscilloscope and power 
supply Its main purpose is to set the video signal levels to get the proper 
scale of tones on the finished photograph (see Section 15.2.1). In addition, 
it can be used to monitor eight signal points in the system for checking 
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15.2.6 Sample P h o t o g r a p h s 

F i g u r e 38 shows two p h o t o g r a p h s m a d e by the c a m e r a s y s t e m . F i g ­
u r e 38(a) i s a p i c t u r e of Hel ix A s p e r s a ( sna i l s p e r m t a i l s ) t a k e n by the 
7 0 - m m c a m e r a . The c o n t r a s t and dep th p e r c e p t i o n a r e i m p r o v e d by d i f f e r ­
ent ia t ing the v ideo s igna l at the input to the v ideo a m p l i f i e r , w i th the r e s u l t 
shown in F i g . 38(b). 

2000A 

(a) 

2000A 

(b) 

Fig. 38. Camera-system Picture of Helix Aspersa. (a) Direct signal and (b) Differentiated signal. 
ANL Neg. No. 143-2677. 
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16. VACUUM SYSTEM 

16.1 Requirements 

To operate with stability and reliability, a cold-emission source of 
electrons requi res an ultrahigh vacuum environment. The figure generally 
quoted is 10"' Torr p r e s su re for continuous operation; so the microscope 
was designed to operate at that p r e s su re . 

In principle, it is possible to pump differentially, keeping the tip 
area at 10"' Torr and the remainder of the microscope at a higher p r e s su re . 
The only opening necessary between the two volumes is a beam aperture 
which can be of the order of 1 or 2 mm diameter . However, it was calculated 
that the pumping capacity needed would be quite large, and there was no 
assurance at such low p res su res that the required vacuum could be attained. 
Since it appeared to be reasonably straightforward to accommodate the 
remainder of the system to 10"' Torr p ressu re service, it was decided to 
build the entire microscope to operate at that p re s su re . 

16.2 Chamber 

16.2.1 Design 

Initially, it was planned to build the microscope in a modular optical 
bench type of configuration, which would have some advantages for changing 
components. However, the actual design became essentially a microscope 
inside a single vacuum chamber. There were two pr imary reasons for 
adopting this design. 

« . 
Fi r s t , it was apparent that pumps would be necessary at severa l 

places along the column, and the ion pumps needed are heavy, cumbersome 
devices to move around for lining up components to which they are attached. 

Second, the tolerances required in lining up the anodes, magnet, and 
spectrometer were of the order of 0.0002 in. Setting these tolerances and 
maintaining rigidity to that order were somewhat uncertain using demountable 
flanges Therefore, the magnets, deflection system, specimen holder sys ­
tem, and spect rometer were built rigidly attached to a center base plate of 
3/4-in -thick stainless steel, which was in turn rigidly attached to the 
chamber. The magnet s t ructure with aper tures was built directly onto the 
top side of the plate, and the spectrometer directly to the bottom side. 

The chamber is a split box, one half of which is rigidly mounted to 
the base and has the ion pumps and liquid nitrogen baffle attached (as shown 
in Fig. 39). The other half is movable when the flange is unbolted, and it 
contains the working components and mechanisms as well as e lec t r ica l 
connections. 
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Fig. 39. Microscope Chamber. ANL Neg. No. 210-715. 

The c h a m b e r m a i n f lange h a s a p p r o x i m a t e l y lOj x 2 2 - i n . i n s i d e 
d i m e n s i o n s . E a c h flange half i s m a d e of 7 / 8 - i n . - t h i c k s t a i n l e s s s t e e l p l a t e . 
The s e a l i s a s i m p l e c o r n e r type wi th a 0 . 0 4 0 - i n . - d i a m gold w i r e g a s k e t . 

The d e t e c t o r ex t ens ion of the c h a m b e r h a s about a 4 - i n . i n s i d e 
d i ame te r wi th a g r o o v e d V a c t i t e - t y p e t e r m i n a t i o n to w h i c h i s a t t a c h e d a 
gate va lve . The va lve i s o l a t e s the d e t e c t o r - s l i t s e c t i o n in o r d e r to change 
de tec to r s without c o m p l e t e l o s s of v a c u u m in the m i c r o s c o p e . (Actua l ly , 
except for a few o c c a s i o n s in the f i r s t days of o p e r a t i o n , t h i s va lve h a s 
not been needed and would no doubt have b e e n left out had i t s l a ck of u s e 
been f o r e s e e n . ) 

F l a n g e s o ther than the m a i n one, the cold t r a p s e a l ( see Sec t ion 1 6.4), 
and the g a t e - v a l v e a t t a c h m e n t , a r e a l l V a r i a n Conflat u n i t s . T h r e e 6 - i n . - I D 
flanges a r e u s e d , one a t the top to hold the h i g h - v o l t a g e i n s u l a t o r , and two 
on the back s ide for the ion p u m p s . Twelve 1- in . - ID ( 2 ^ - i n . - O D ) f l anges 
a r e used: two for s l i t a d j u s t m e n t s , two for s p e c i m e n mo t ion , two for 
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spect rometer potential feedthroughs, two for windows (one at the emission 
tip level, one to look up the column axis), one for adjustment of the spectrom­
eter entrance diaphragm, one to move a 45° m i r r o r into the column for visual 
inspection, one for a vacuum gauge, and one for the roughing pump system. 

16.2.2 Materials 

The chamber is made of Type 304 stainless steel with 3/8-in.-thick 
walls . All welds and inside surfaces were polished down to eliminate su r ­
face conditions and defects that might outgas. 

This mate r ia l is a ra ther c lear-cut choice for an ultrahigh vacuum 
system. In addition, a nonmagnetic mater ia l was required which was reason­
ably well satisfied by Type 304 stainless , although we found evidence of 
permanently magnetized spots on such mater ia l . 

All the Varian Conflat fittings use OFHC copper gaskets. The main 
flange, cold- t rap flange, and high-voltage insulator use gaskets made of 
gold wire 0.040 in. in diameter . The two Vactite gate-valve flanges use 
copper gaskets . Three Viton O-ring gaskets also face the vacuum volume, 
one on each of the two light pipes and one on the air- lock gate. 

16.2.3 Components 

All the movable feedthroughs a re actuated through bellows seals . 
Although changes a re made frequently, there are usually six Varian l inear-
motion feedthroughs with 1 in. t ravel readable to 0.001 in. in the system. 

Three bellows (Flexonics) are used fbr the slit controls as described 
in Section 12. Another 23 | - in . - ID Flexonics bellows is between the top flange 
and the high-voltage insulator flange to permit adjusting the emission tip 
lateral ly and longitudinally to the beam axis. 

The e lec t r ica l feedthroughs are commercial units with standard 
z l - i n . - O D vacuum flanges. Two single high-voltage units are used for the 
spec t rometer -p la te potentials, and an eight-conductor unit is used for 
deflection plates, s t igmators , etc. 

Conductors to the quadrupoles and octupoles are led through a tube 
to the magnet coil chamber. The tube has a small copper-gasket -sea l 
fitting, which seals against the main chamber wall. The inside of the tube 
leads directly to outside atmosphere. The magnet and coils a re isolated 
from the vacuum by a copper container, and the conductors connect directly 
to the coils without feedthroughs. This system avoids any outgassmg from 
the coils, and lead-ins, to the vacuum system. 
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16.3 Pumps and Gauges 

Two pr imary considerations in choosing a pumping system were the 
requirement to reach 10"' Torr p ressure in a reasonable time and the neces ­
sity to keep the microscope free of contamination. 

The low pressure is required for stable operation of the cold-emission 
tip. One can perhaps struggle along at a decade higher p r e s s u r e with f re ­
quent flashing of the tip. This has been done in the operation history of the 
microscope, but it is not a satisfactory procedure. Fluctuations in the beam 
current show up in the picture intensity with a resultant poor image. 

The spectrometer plate surfaces were felt to be part icular ly sen­
sitive to the effects of very thin films of contamination due to charges being 
built up on these insulating mater ia l s . The surfaces collect many electrons 
from the beam going through the spectrometer , and any insulating mater ia l 
would quickly become charged. Any charges in this area would distort the 
focusing by the spectrometer, and the resolution of the spectrometer depends 
on this sharp focusing ability. Therefore, ion vacuum pumps were chosen 
for their freedom from contaminating products. 

16.3.1 Roughing Pumps 

To avoid any possible oil or mercury contamination from roughing 
pumps, sorption pumps were selected to reduce the chamber p re s su re from 
atmospheric p ressure to about 10"^ Torr . Two standard Varian VacSorb 
punnps are used in succession. The first pump reducesthe p r e s su re to 
1 to 10 Torr , and the second reduces it to the point where the ion pumps 
can be started. These pumps each contain 3 lb of synthetic zeolite, are 
chilled with liquid nitrogen for pumping, and are regenerated by baking at 
--300°C for several hours. 

To shorten the roughing time (to half of the original 1^-2 hr), a 
mechanical roughing pump was added. Oil contamination was avoided by 
using a liquid-nitrogen vapor t rap along with a long (-30 ft), small tube 
between the pump and the microscope. After mechanical pumping, one 
sorption pump is usually sufficient for the remainder of the roughing stage. 
After several years of using this system, there is no evidence of oil con­
tamination in the microscope. 

Valves between each pump and the roughing manifold a re I j - i n . 
Viton-sealed, bel lows-sealed-drive, high-vacuum units (Varian Right 
Angle Valves). The manifold is connected to the microscope chamber 
through a bakeable valve with copper seal and bellows drive. This valve 
is closed to a measured torque, which is increased slightly until eventually 
a new copper seat is necessary (Varian Right Angle Bakeable Valve). 
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Pumping controls were mounted on a separate rack and included, for 
roughing, a Bourdon-tube gauge and a General Electr ic viscosity-drag type 
mete r . A thermocouple gauge mounted in the roughing manifold then m e a s ­
ured the p r e s su re down to about the roughing limit. 

16.3.2 Ion Pumps 

Ion pumps were chosen for final pumping, because there is no pos­
sibility of contaminating the system with organic mater ia l s . There is a r i sk 
of titanium atoms coming out of the pump, but these can be stopped by a 
baffle, which is the cold baffle in this microscope. 

Two 400- l i t e r / sec Varian Vaclon pumps operate in paral lel to the 
microscope chamber. The weight of these pumps is carr ied by the mic ro ­
scope base to avoid having the vacuum flanges ca r ry the load. One pump has 
a built- in heater , which is used occasionally for baking. The other pump is 
baked by operating it at 10"* to 10"= Torr , where its internal power usage is 
of the order of 1 kW. 

Stray magnetic fields from these pumps were of the order of 1 G 
near the electron beam before shielding was installed. Various shields were 
used, including perforated Mumetal cylinders around the beam area, and a 
l /2 - in . - th ick steel plate between the microscope chamber and the pumps. 
This plate is outside and, of course, does not cross the 6-in.-diam pump 
connections; however, it appeared to reduce the field near the beam. 

16.3.3 Nonmagnetic Pumps 

Search for a nonmagnetic, noncontaminating, silent pump led to the 
purchase and testing of an Orb-Ion electrostat ic ion pump. As of this 
writing, however, this pump has not been installed. 

After some modification (changing flanges to Varian Conflat, etc.), 
the pump was tes ted and found to have the desired pumpdown rate and base 
p r e s su re (in the 10""'-Torr decade). However, to install it on the m i c r o ­
scope requi res a 90° bend, which deter iora tes the pumping speed. This is 
due to the fact that these pumps must operate in a ver t ical position, because 
the cathode core is a thin rod supported only at one end and it would sag if 
operated horizontally. Another possible drawback is the high-frequency 
oscillation generated by the pump. 

16.3.4 Gauges 

No indicator is used for p r e s su re s from atmospheric p re s su re down 
to about 100 To r r . At this point, a General Electr ic viscosity type gauge 
indicates the p r e s su re down to about 0.1 Tor r , at which point a the rmo­
couple (TC) gauge is capable of indication. The TC gauge indicates p r e s ­
sure down to about 5 x 10"^ Torr and, with decreasing accuracy, to 
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At the TC-gauge lower limit, the ion pumps are turned on. Although 
in principle, the ion gauge should begin to indicate at about the TC-gaug^e 
limit, it was the experience at the microscope that the next decade (10 to 
10"* Torr) was a range in which the p ressure is unknown. There a re gauges 
that cover this region, such as an ion gauge operating in the Pi rani mode, 
but none were installed in the microscope. It is not normally necessary to 
know the pressure , except as an indicator of trouble such as a leak. With 
experience, pumpdowns were routinely successful, and, in fact, the ion gauge 
was eventually removed to make room for a magnet-cooling-liquid 
feedthrough. 

The ion-pump current is a fairly accurate measure of the p re s su re 
in the range 10"^ to 10"'° Torr , ranging from -100 mA to -0.1 flA. For some 
time now, this has been the only indicator of p ressu re used in the microscope 
below 10"^ Torr . 

16.4 Cold Trap 

To speed up the pumpdown time by removing condensable vapors 
rapidly, a liquid-nitrogen-cooled baffle was installed. It consists of two 
vertical tubes hanging from the tank with baffle plates mounted between 
them. The entire structure is of stainless steel. 

The top flange of the tank seals to a mating flange on the microscope, 
using a gold wire gasket, which is a ring 11.5 in. in diameter . The mic ro ­
scope vacuum around the tank provides thermal isolation except for the con­
tact at the flanges. 

The baffle plates are shaped with an open U cross section and are 
spaced so that the baffle blocks any straight line through it, p r imar i ly to 
prevent titanium atoms ejected from the pump from reaching the operating 
components of the microscope. 

One failure of the t rap occurred when the weld at the bottom of one of 
the vertical tubes broke, due to freezing of water that had accumulated in the 
tube to a depth of about 2 in. To prevent this occurring again, whenever the 
microscope is opened to atmosphere, tubular heaters a re first dropped into 
the tubes, all nitrogen is boiled away, and the tubes warmed to ~120°C. This 
procedure further prevents condensation on the outside (vacuum side) of the 
baffle system when opened, making the subsequent pumpdown much eas ier . 

16.5 Procedures and Experience 

Discussed here a re some of the unusual experiences, pitfalls 
encountered, and comments about equipment and components. 
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16.5.1 Pumpdown 

Early experience with troubles during pumpdown were usually 
associated with leaks in the gold-wire seals . Basically, the flanges and 
gaskets were well designed, and the solution was generally adequate 
tightening. 

Outgassing was not serious after dry nitrogen was used for back­
filling. Extreme care in cleanliness was followed for everything installed 
inside the vacuum system. 

Bakeout was discontinued after the initial one at over 200°C (see 
Section 17.3), since operating vacuum could be reached in a reasonable 
time (4 or 5 hr ) . 

16.5.2 Elec t r ica l Conditioning 

After pumpdown, high voltages need to be bought up gradually and 
with protection against discharge damage. After some t r ia l s and a few 
jarr ing breakdowns, the procedure adopted is to bring the high voltage up 
gradually with a 100-megohm res i s tor in se r i e s . When the system appears 
stable at operating potential, the res i s tor is removed. No res i s to r is used 
for operation because current variations would produce potential variat ions 
in electron energy with loss of focus and resolution in the image. 

Spectrometer potentials require "conditioning" also after each 
opening of the microscope. These were quite troublesome in the first few 
months of operation, but gradually improved with usage, and later condition­
ing could be done in 10 min. This is normally done during pumpdown while 
the p r e s s u r e is in the 10"^ to 10"= Torr range, as cleanup is much more 
efficient there than at lower p r e s s u r e s . 

16.5.3 Sorption Pumps 

One problem involving the sorption pumps was the appearance of 
zeolite granules in the manifold and microscope chamber. A few misopera-
tions of the valves probably allowed a blast of gas into the microscope. When 
procedures were more carefully controlled and a safety screen was installed 
in the neck of the sorption pumps, no further trouble was experienced. 

Recent procedure has been to let the mechanical pump run until the 
p r e s su re reaches <0.1 Tor r . Then one sorption pump can reduce the p r e s ­
sure to the ion pump starting point a number of t imes before bakeout is 
necessa ry . 

The zeolite has been changed severa l t imes , more as a measure of 
preventive maintenance than of any clear evidence that the mate r ia l was 
failing. 
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16.5.4 Ion Pumps 

The ion pumps operated without rebuilding or disassembly for at 
least 4 years including some hundreds of pumpdowns and were in service 
most of the time. A few failures occurred in the electr ical feedthroughs. 
Failures occurred in the cable plug that connects to the feedthrough. These 
were attributed to deterioration from bakeout t empera tures . 

Occasional servicing to remove emission-point growth on the 
titanium anodes is necessary. This condition is noted by an abnormally 
high pump current for the p ressure actually present , due to electron 
emission from points. These points are eliminated by connecting a 14-
to 15-kV source to the pump anodes and leaving it for 15-30 min. At this 
potential, emission current from the points is high enough to destroy them. 

That baffle protection between pumps and system is necessary as 
evidenced by the discoloration on the cold baffle side facing the pump. The 
stainless steel has a dark burned appearance, due probably to ejection of 
titanium atoms and to glow discharges that occur at >10"^ Torr p r e s s u r e s , 
which often flash in the system beyond the pump. 

16.5.5 Flanges and Seals 

The three gold wire gaskets (main body flange, cold t rap tank, and 
high-voltage insulator) are made in Central Shops by cold welding and then 
smoothing the weld. At first some leaks occurred, but later they proved 
completely reliable when sufficient torque was applied to the flange bolts. 

The three Viton O-ring seals (air-lock gate and two light pipes) 
were quite reliable, except that a few failures of the gate gasket occurred 
after bakeouts that may have reached 200°C. The rings were found to have 
deformed to the shapes of their contacting surfaces. 

All the Varian Conflat seals were satisfactory, with no failures when 
they were properly tightened. 
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17. BASE AND ACCESSORIES 

This section descr ibes miscellaneous parts of the microscope and 
various outside pieces of equipment used in connection with microscope 
operation. 

17.1 Base 

The base was made rigid to avoid any possible bending that might 
affect microscope alignment and also to support the heavy components. 
The two ion pumps weigh -700 lb, and the microscope chamber itself is 
quite heavy. The complete microscope, with base, weighs nearly 1 ton. 

The base top is a plate of 7/8-in.-thick steel. Sides of l /2- in . - th ick 
steel a re welded to the top, along with a 3/8-in.-thick back. The front is 
left open, except for a sturdy cross brace near the bottom, for access to 
the sorption pumps and valves. A slot was cut in the top through which 
the vacuum roughing tube extends to the sorption pumps and permits the 
front chamber to be moved out for opening the chamber without removing 
this tube. The top dimensions are 30-j x 44 in., and the surface is 37 in. 
above the floor, without antivibration mounts. 

17.2 Telescope 

A telescope was provided for looking along the electron beam axis 
from below the specimen up to the emission tip. It is mounted horizontally, 
and a 45° m i r r o r is pushed into position through a bellows feedthrough to 
permit viewing up the axis . The m i r r o r consists of an aluminum coating 
on a s tainless steel block and is located betw'een the specimen and the 
spect rometer . During microscope operation, it is re t racted out of the way 
of the electron beam. 

The telescope is a Gaertner M522-C laboratory telescope with 
modified mounting and equipped with an auxiliary lens to reduce the working 
range to a span of 30-60 cm. At 30 cm the specimen is in focus at ~22X mag­
nification, and at -60 cm the top anode and emission tip a re in focus at 
~12X magnification. 

The telescope is mounted on a rigid a rm attached to the base and has 
la tera l and angular adjustments. Vacuum-tight windows at the telescope 
level and emission tip level permit illumination and viewing of the m i c r o ­
scope in ter ior . 

The telescope was very useful in the first operations of the m i c r o ­
scope for noting positions of the various par ts of the specimen and for 
checking alignment of the first anode. However, it was not needed for later 
operation and has been removed, along with the lower window and the 45° 
m i r r o r , the latter to make room for a below-specimen set of ape r tu res . 
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17.3 Bake-out Oven 

For baking the microscope at 250°C to achieve 10"' Torr vacuum 
readily, an oven was built that could be placed over the entire operating 
part of the microscope, excluding the ion pumps, which can be heated 
independently. 

The oven was a rectangular chamber, with open bottom, that set 
directly on the base top. The sides were of 1-in.-thick Marinite-36. Flat 
heaters aggregating a power of 4000 W were attached directly to the walls . 
The box was divided for ease of installation. 

The oven was used for the initial pumpdown, and tempera tures in 
the microscope reached well over 200°C. 'Subsequent pumpdowns were 
found to be satisfactory without baking at high tempera tures , so the oven 
was not used again and was eventually dismantled. 

17.4 Test Fixtures for Gun 

Three test fixtures for testing filaments have been constructed. 
The first has a 4-in.-diam chamber long enough to accommodate the high-
voltage insulator and anodes. The end plate can be changed to have a 
fluorescent screen, an extension, or an electrode as desired. The unit is 
mounted on the flange of a 400- l i te r / sec ion pump and has provision for 
roughing pump connections. 

This chamber was used mainly to observe the direction and pattern 
of the electron emission from the tip to see if it was suitable for use in the 
microscope. It was also used to observe the focal propert ies of the gun 
with anodes by providing a movable fluorescent screen in an extension tube. 

The first chamber ' s usefulness for gun studies made a second unit 
necessary for checking tips routinely. This is a much smaller unit, being 
made essentially of 2-j-in.-OD flange fittings with a 30- l i t e r / sec ion pump. 

With increased usage and studies of different types of tip mater ia l , 
it became necessary to build a third fixture to tes t up to five tips with 
one pumpdown. This is a simple chamber with a fluorescent screen on 
one end and a plate with feedthroughs for five tips on the other. An 
8-l i ter/sec ion pump is attached. 

The fluorescent screens were made using commercia l high-vacuum 
flange windows, coating them with stannous chloride vapor to form a con­
ductive surface for the electrons to escape, and depositing a commercia l 
fluorescent layer. 
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17.5 Filament-forming Fixtures 

The filament has five bends, which are formed in three steps using 
three separate forming j igs. The first one makes a square U-bend, and the 
second bends the U bottom piece into the filament V, with the original U legs 
now in one straight line. The third jig bends the two legs. 

For welding the 5-mil-diam tip wire onto the 8-mil filament, a jig 
was made, with grooves to hold the wires in position. They are welded 
together in a small e lectr ic res is tance welder using l /8 - in . -d iam 
molybdenum electrodes with l / l 6 - in . f i p diameter, applied at 8-oz force. 
A 2.8-J discharge pulse is used. 
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18. POWER SUPPLIES 

18.1 High-voltage Supply 

The microscope was built for an operating potential of 50 kV. The 
high-voltage supply (see far left cabinet in Fig. 1) purchased has a range 
of 10 to 80 kV at 0.5 mA output. The unit, a Canalco Model 80, operates 
internally at 70 kHz and has a dc output regulation specified at 50 ppm 
including ripple, but in tests appears to have a shor t - t e rm regulation of 
10 ppm. 

Several modifications were made as the needs developed. The output 
voltage range is covered by a rotary switch providing 32 increments that 
vary from a few hundred volts at the low-voltage end to severa l thousand 
at the high end. For gun-focus studies, continuous voltage adjustment was 
needed, so a multiturn potentiometer was added to the divider network for 
this purpose. Later a selsyn drive was put on this potentiometer with the 
drive unit on the operator 's panel at the microscope. 

The power supply is located approximately 20 ft from the mic ro ­
scope to avoid possible magnetic effects on the electron beam. 

Service experience on the supply has been good. A few failures have 
occurred involving electronic components, such as a divider string res i s tor 
opening up, and tube failures. The original high-voltage cable and connector 
failed after about t'wo years of operation and was replaced by a cable rated 
for 100-kV operation. 

18.2 Tip-bias Supply 

The bias anode is set at a potential to cause cold emission of electrons 
from the source tip. This potential depends on the size and nature (materials 
or adsorbed layers) of the tip and on the emission current . It therefore 
must be adjustable and stable, since the current is a sharply rising function 
of voltage once emission begins. The magnitude is usually 1 to 3 kV positive 
with respect to the tip. Also, since this anode and associated circuits a re at 
nearly full accelerating potential with respect to ground, this system must 
be built to ride on the high-voltage level without leakage or danger. 

Leakage currents from the bias system must be kept very low, no 
more than a few nanoamperes, to avoid disturbing the high voltage at the tip. 
Energy resolution as well as focusing depend on an energy spread in electrons 
that is very low, hopefully no more than a few tenths of an electron volt. 
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18.2.1 Original Divider 

Initially, the bias potential was obtained from a voltage divider 
between the high voltage and ground. The total resistance is 200 Mfi with 
a Kelvin-Varley-type divider covering the range -45 to -50 kV (O to +5 kV 
bias) in 100-V steps (at 50-kV accelerating potential). The res i s tors and 
switches a re all immersed in a Plexiglas box filled with t ransformer oil. 

This unit was used only a short t ime, because of leakage currents 
around the te rmina ls . Although these currents were small, they were 
sufficient to cause some instability in beam current and energy. While 
the divider was being repaired, a simple battery unit was used which 
proved to be satisfactory, so the divider was not used again. 

18.2.2 Battery Bias Supply 

Except for the short initial period using the divider previously 
described, bat ter ies have been used to supply the first anode bias. Two 
rotary switches a re used, one for 300-V steps using small dry bat ter ies 
each with 300-V output. The other switch provides 22.5-V steps from 
another set of ba t te r ies . 

The first unit was a simple box containing bat ter ies , switches, and 
an e lec t rometer . After occasional experiences with corona leakages, a unit 
was built with corona shields. Four doughnut-shaped shields with a 250-kV 
operation rating are used, providing three between-shield spaces, one for 
the ba t te r ies , one for the switches, and one for the electrometer . This el im­
inated aU leakage problems in that part of the system. This system is 
enclosed in a large Plexiglas box. • 

18.2.3 Elec t rometer 

P a r t of the tip emission current is collected by the first anode and 
is the amount of current supplied by the bat ter ies . Since this current is 
a few microamperes or less , the battery life approaches its shelf life. The 
current in this loop is measured by an electrometer inside the tip bias box. 
The e lec t rometer is battery operated with ranges of 10 to 10 A full 
scale and was designed by D. Keefe in the Electronics Division. In addition, 
a mic 'roammeter is connected in ser ies with the electrometer to indicate 
currents up to 20 fiA. This current is watched carefully during operation 
because it shows when e r ra t i c emission s tar ts at which time flashing is 
necessa ry . 

The part of the emission current that is not intercepted by the bias 
anode is supplied by the high-voltage power supply and circulates in that 
loop of the circuit . The beam current to the specimen is included and is 
of the order of 10"' A. This current is not measured. 
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18.3 Spectrometer Supplies 

18.3.1 Requirements 

Two potential supplies, one positive and one negative, are needed for 
the two spectrometer plates. The potentials required (see Section 11.2.1) 
for 50-keV electrons are +7115 and -6225 V and are proportional to the 
electron energy. 

The stability needed is calculated as follows: A permiss ib le move­
ment, AeV, at the energy slit of the electrometer is selected. The rat io 
AeV/Vo, where VQ is the electron energy, is the relative stability required 
because of the direct proportionality between spectrometer potential and 
electron energy. Initially, a 10-eV energy resolution was decided upon, 
and one-fourth of that or 2.5 eV was selected as a maximum permiss ib le 
instability. Therefore, the stability required was 2.5/50,000 or 0.005%. 
These specifications were met by Fluke 410A supplies, which have adjustable 
outputs up to 10,000 V. 

Later, reworking the spectrometer energy slits and adding an exter­
nal quadrupole permitted the resolution to be improved to -0.6 eV, implying 
a stability somewhat better than a part in 10=. In fact, there is no apparent 
short - term movement of the peak at maximum resolution, whereas an 
instability of two parts in lO' could probably be seen as a movement of the 
peak. 

18.3.2 Modifications 

18.3.2.1 Tracking. The ratio of radii of the inner to the outer spectrometer 
plate is very nearly 7/8. Therefore the outer (negative) potential is 7/8 
that of the inner plate. 

Frequent resetting for different energies, for changes in pr imary 
electron energy, and for tracing out energy curves makes it difficult to set 
one reading at 7/8 the other. Therefore, this supply was modified to give 
an output potential which is 7/8 of the knob readings. Therefore, both 
supplies are always set to identical readings, making operation much 
simpler. 

The modification was straightforward. Regulation started from a 
voltage divider in the supply with 10,010 kfi total res is tance with sampling 
voltage tapped 247 kHfrom the low-voltage end of the string. This 247-kn 
resistance was changed to 282 kfi (8/7 x 247) by adding a 35-kf2 res i s to r . 
Then 35 kn was removed from the other leg of the divider. A tr imming 
potentiometer at the tap then is used fot final alignment. 
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18.3.2.2 Simultaneous Operation. Tracking and searching for energy infor­
mation a re much more satisfactory if changes can be made using a single 
control and making it continuous. This was done by inserting a lOO-kH 
linear multi turn potentiometer into the divider string, between the high-
voltage te rminal and sampling takeoff point, of each power supply. The 
two potentiometers a re ganged together mechanically so as to be turned 
simultaneously by one knob. The potentiometers are mounted in a panel 
on the microscope operating console and are mounted so as to withstand 
10 kV between them and ground and 20 kV between potentiometers. 

The divider string has a res is tance of 1 kfl for each volt output. 
Therefore, the lOO-kH potentiometer adds from 0 to 100 V to the reading 
on the power-supply panel of the positive supply, and each division on the 
10-turn dial represents 0.1 V. The output of the negative supply t racks at 
7/8 t imes the readings. 

18.3.2.3 Overvoltage and Reversing. To reduce electr ical discharges 
between spect rometer plates after the microscope is opened to atmosphere, 
it is helpful to apply potentials well above the operating range and to r eve r se 
the polarity of them. 

The power supplies were modified to supply about 1 2 kV by switching 
in a res i s to r para l le l to the string between sample tap and ground, thus 
lowering the potential at the sample point. This forces the regulator to its 
upper limit and supplies the higher voltage at the te rminals . 

A separate panel contains reversing switches between the power 
supplies and the spectrometer plates to aid in the electr ical cleaning-up 
process . These switches a re ceramic-frama-type rotary units designed 
for high voltages. 

18.4 Magnet Supplies 

18.4.1 Requirements 

The stability needed for the focusing-lens currents is of the order of 
10"' (calculated in Section 6.1.2.3). The best rated current stability in a 
commercial ly available supply known to us at the time was 0.001% in 8 hr, 
in the Princeton TC-100.2R unit with maximum output 100 mA at 0 to 100 V 
compliance voltage. 

Five Princeton supplies were purchased, one for each of the two 
quadrupoles and for each of the three octupoles. 

Stability over hours is not part icularly important with this m i c r o ­
scope; however, shor t - t e rm stability over 20-30 min is necessary . Tests 
on these supplies indicate that shor t - t e rm stability, ripple, and noise add 
up to the order of 10 of maximum current . 
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The quadrupole coil parameters were selected to give a total r e s i s ­
tance of 1000 n per quadrupole to take advantage of the maximum current , 
100 mA, at maximum potential, 100 V, available from the power supply. 
Each octupole has a resis tance of about 450 fl, but calculations indicated 
that the octupole current requirements would be only a few mil l iamperes 
and maximum utilization of the power supply would not be necessary . Num­
ber 41 B & S gauge wire is used in the octupoles, and increasing the r e s i s ­
tance would require using still smaller wire with its attendant delicate 
handling. 

o 

A Princeton Model TC-602CR current supply is used for the 5 A 
lens. This unit is rated 2 A maximum current at 0 to 60 V compliance 
voltage, with rated stability of 0.002% over an 8-hr period. The two coils 
were wound to have a total resis tance of l 6 n . 

18,4.2 Modifications 

18.4.2.1 Degausser Operations. The reset circuits of the five original 
current supplies were changed to allow the degausser to control the power 
supplies, in particular to keep the currents on during degaussing. As 
degaussing was soon found to be unnecessary, these modifications were no 
longer used. 

18.4.2.2 Rotatable Wheels. In the Model TC-602CR supply, a factory modi­
fication was made to have the current-set t ing wheels continuously rotatable 
(except the highest-step wheel). These are considerably easier to operate 
than those that must be backed through their range when the limit is reached. 

18.5 Tip-flasher Supply 

A pulser was built to supply a pulse of current to heat the tip and 
clean it of foreign molecules. The unit, designed by P. Michaud and 
A. Quigley of the Electronics Division, provides an adjustable current up 
to 10 A at 5 V and an adjustable pulse length of 0.2 to 2 sec. 

The first unit had a built-in t ransformer and flashing required 
shutting off the high voltage, changing connections, flashing, and restoring 
operating potential. Later, a t ransformer with 60-kV isolation between 
primary and secondary was mounted in the tip bias supply box and connected 
permanently to the filament. This makes it possible to flash the tip during 
operation (discussed in Section 4.3.3). 
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19. ENVIRONMENT 

The interactions between the microscope and its environment are 
generally such as to degrade its performance. Temperature effects may 
become serious as the ultimate resolution of design is approached, but no 
serious adverse effects have been noted. A reasonably well regulated 
tempera ture in the room should be adequate. Electr ic fields in the area 
have been of no concern, since they are blocked from the interior of the 
microscope by its metal case. 

The two most disturbing environmental elements are fluctuating or 
oscillating magnetic fields and mechanical vibration. These have required 
extensive study and will probably require more effective solutions as 
resolution is improved. 

19.1 Magnetic Field 

If the p r imary electron beam moves outside its prescr ibed deflection 
pattern, the resul t is s imilar to increasing the size, and perhaps the shape, 
of the focused beam image with consequent loss of resolution. A varying 
magnetic field component perpendicular to the beam can produce such a 
movement. 

For example, using 50-keV electrons, the path in a t ransverse mag­
netic field B is a circle of radius R (cm) = 7 7 2 / B (gauss). Over a 10-cm 
path a 1-G field deflects the electron 0.64 mm, or a 1-fJ.G field deflects 
it 6 A. Thus, for 5 A resolution it appears that shor t - te rm variations m 
magnetic fields must be below 10"' G in magnitude. 

A perfectly stable magnetic field, pro'vided it is not so large as to bend 
the beam into aper tures (-1 G), is not troublesome, since the effect is to 
simply shift the r a s t e r at the specimen. Similarly, slow variations, changes 
in the order of a r a s t e r period, would distort the image and may or may not 
be objectionable, depending on the accuracy of reproduction desired. 

Fas t fluctuations move the spot over an area larger than the beam 
image supposedly covers and therefore degrade the resolution. These va r i ­
ations must be reduced to low magnitudes, or compensated for--which is 
possible in some cases to a limited extent (60-Hz compensation described m 
Section 19.1.3). 

19.1.1 Measurements and External Generators 

The ac magnetic field was measured with a coil composed of half of 
the secondary of an automobile ignition coil. This coil was connected 
directly to an oscilloscope. The coil was calibrated by comparing its 
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reading, simultaneously in the same location, with that of a Bell Gaussmeter 
using a Hall probe, which was in turn checked against magnets supplied for 
that purpose. The coil has a sensitivity of 1.02 V peak-to-peak for a 60-Hz 
magnetic field of ±1 G amplitude. 

The measured fields around the microscope area in Building 818 
varied from less than 1 to 20 or 30 mG, and the direction of the field varied 
with location. 

Ear l ier measurements were considerably higher, and the generators 
of these high fields were found to be circulating currents in steam piping 
between Buildings 818 and 827, and in piping to the steam heater in the 
microscope room. These currents were eliminated by installing an insu­
lating separator at a coupling in each line. 

Some obvious methods of reducing stray fields were put into effect 
by removing the high-voltage power supply, the vacuum-pump supplies, 
and other equipment some distance away (10-20 ft). 

19.1.2 Microscope Shielding 

The beam inside the microscope was shielded with Mumetal cylinders 
and plates of various configurations to suit the different components used. 
The shields were placed to reduce the field only between the gun and the 
specimen. Beyond that point, small ac fields are less serious in that signal 
strength only is affected when high-energy resolution with narrow detector 
slits is desired. Large fields, ac or dc, can cause trouble, because of pos­
sibly diverting desired electrons f romthe detector slit and diverting unwanted 
ones into the slit, but none of this affects spatial resolution in the specimen. 

Shields were perforated, part icularly around the emitting tip area, to 
reduce the impedance for gas flow in pumping. They were annealed by the 
Lindberg Steel Treating Company after all work on them was finished. 

Outside the microscope a l /2- in . - th ick steel plate was placed between 
the ion pumps and the microscope body to reduce the s tray dc field from the 
pumps. This reduced the field near the beam from the order of 1 G to a 
small fraction of a gauss. Although this field is steady, it was large enough 
to deflect the beam too far, part icularly when small aper tures were used. 

19.1.3 Compensation 

Assuming the 60-Hz field is uniformly repetitive and is from the 
power line, the picture image can be improved considerably by keying the 
horizontal sweeps in the deflection to the same phase of the ac line. Any 
vertical deviation due to the field then occurs at s imilar positions along the 
horizontal sweeps, resulting in a picture slightly bent or "humped" uniformly 
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from top to bottom. Any horizontal deviation similarly appears as a picture 
slightly stretched and compressed in the horizontal direction, but this 
distortion is again uniform from top to bottom. 

Synchronization of the horizontal sweep to the line frequency was 
incorporated into the system so that one sweep was made for each cycle 
of the power line. The 10-sec picture generation then was made with 
600 lines ra ther than the original 1000. However, the improvement in 
picture quality was quite evident as a result of removing the randomness 
of deviations of the beam on the ras te r area . 

Another form of compensation is to nullify the fields by adding equal 
but opposite-direction fields by means of coils. This system was tr ied using 
two pairs of rectangular coils outside the microscope and applying power-
line currents appropriately adjusted. (No coils were used to produce a field 
para l le l to the electron beam, since such a field does not deflect the beam.) 

A servo operation of such compensating field coils has been con­
sidered and may be required ultimately. This would consist of a pickup to 
measure the fluctuating fields and a controller to apply appropriate currents 
to the compensating coils. This type of system would not be limited to 
power-l ine compensation, but could in principle correct for all varying 
magnetic fields. 

19.2 Vibration 

Mechanical vibration can degrade the resolution for essentially the 
same reason that fluctuating magnetic fields do. That is , the electron beam 
moves, with respect to the specimen, outside of its prescribed deflection 
pattern. 

Vibration can show up in several places. The emission tip is thin 
and long and can easily acquire a cantilever-type vibration. This tip is 
then a moving source for the beam, and the focused image executes cor­
responding motions, thus increasing the effective spot size. 

The other vulnerable spot for deleterious vibration effects is at the 
specimen, with relat ive motion between it and the lens and beam. Other 
components a re less susceptible because they can be mounted more rigidly. 

Attempts to measure the intensity and frequency of vibrations in 
floors did not produce resul ts that were very helpful in solving the problem 
of vibration, except to avoid placing the microscope in high-vibration 
locations. 

The first location in Building 21 was not very satisfactory. Although 
the concrete floor was directly on the ground, considerable vibration was 
apparently t ransmit ted through connection paths to large fans and machinery 
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in Building 17 nearby. The microscope was then moved to the vault attached 
to Building 818. This room has a thick concrete floor set on the ground and 
not rigidly connected to Building 818. For resolutions down to 50 A or so, 
which was attained in this location, vibration did not seem to be a serious 
problem. 

Spring shock mounts were used as feet for the microscope. These 
were chosen from commercially available units (Barry Controls) suitable 
for the load imposed on them. 

In Building 21, where vibration was ser ious, various other ways of 
mounting the microscope were tr ied, none of which were successful. Among 
those tried, one was a set of inflated t i res from a Cushman vehicle. 

The Building 818 vault proved to be much quieter and, from the 
vibration standpoint, was satisfactory for the resolution attained at that 
time (50 A). Interestingly enough, the best freedom from vibration occurred 
when the microscope was supported rigidly on the concrete floor, using 
jack screws. 

A design for suspending the microscope on long elastic ropes was 
made, but had not been constructed at the time of the termination of the 
project at ANL. The suspenders are shock-absorber cords made of 
multiple rubber-band filaments covered with a stretchable woven tube. 
These are used for exerc isers and for holding delicate cargo in aeroplanes. 
Resonance at 1 Hz requires an elastic extension of 10 in. Therefore an 
overhead frame was designed to use cords about 5 ft long. 
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